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1 FFia
1.1 ARAEFTE DA 5

M 25 I ARFIC B T 2 ENEIRREBOE 2 i ThV (BAETHA,
2016), BEE L AR TIEERIESC N BB ORENEE TH L, EEHEK
XN BRI BT 2O RRAED KL 72D X 5 7, Wb BEICE T
LEMED NIFHIREZ A ST 0 ERN D H, BEICIZT S OEB)N
L5357, ZO0REOT T EEBEEZRX AN O L
EENEES~OMERREZ T CIRADIZENEELZEZOND, L)
U M2E B 2 38 1 2 BYE O [ F R A SIS MRGE L 72 R 2134 22,
7o, EHEEOLE L EDEE ~ O M E R RE L T S8 MM
EREEEMGE LIEENMEEAETHY . BHEMEBEZE ZHRICED
TZEMERFIEIRIE L A L, FRIS, BIER P S HE RS L3 @)
TEIZ D W T OWFZRIZAFIE L 2RV, RFa ST, 128 d K OVE I I 2=
BEONS ERVEMEICBIT 2 NFREEH LI L, EEBEEFICX
HIH B EEORE R L MERKRICE D,

25 s X 2 i Bl R O R BRI S e LT B Uk T2V (1.3 T8 THK
AN & 2 @EEER DR RN ) . WA T, RO —REBN ) 5 N
WA Eo THET D PR REHEENEEGT 52 & THEERO o EEPRRIC
EEBAREZRTL, HOHEHREBL DL WVITEFFRBEEH N EZ S
(Nielsen et al., 2008), Z#UIZ & ¥ il x# D BAH % Bl CHEB) TX 72 < 722
DR 7 iR & R B R L RO, 2 OEE FAAF B S T
VN % (Brunnstrom, 1966; Fugl-Meyer, Jiadskd, Leyman, Olsson, &
Steglind, 1975), — . EEIEE LA X M2EPREEICB T 2EEORE
ERE A FEMICRAE L7 R gEiT A 72, BICZ OEE ARk L7272 T
X, 2HOLEEEMNENBREICE U CEMICGES T 2 8I{EORE & i)

3



252 IFNEETH D, BEREELEHNFELET TIEI R EDNFNRT A
—EZNBRHT D0, FOHREE TR TT bRV, T OBERSE
ORI, fEHERANICR T 2 BB FRREE Z ORI L RD NFNRT
A= EZRTLIENAHEBEZOND, BEERADZT O EMEIX &K
KR LERE LD S ZHOBENED > TR L FrHEE 2 EE ¥
AN T D, ThiE, BEO N FEE L RKIEICT 27-0ICEZ 5 &
HAbNTWD (L4 TIEFREE Y L2 ORI, Bl X5 |k
WO EMEASZ %, EBFREICD . 2 25 HEEiT— A Y hOElERD =
FEFEi/MET H 2 L THBLTX % (Yamasaki, Kambara, & Koike,
2011), BEHE—A L FONRE L THEIDBRELLEBERT 2729
(Schipplein & Andriacchi, 1991), SITIZH W TILHIEBI &°. TG E)
(CBAE L 7e P e X — B E (1.6 H [ PR L X —DHE
BLOBEZE]) OR/NMICEosoTHLZOEBHZNHIIN D
(Crowninshield & Brand, 1981; Yamazaki & Hase, 1992), > % v . f#
RIS RN FH =RV —HE & /ML CTEIEEZ 1T 9 7=
O, R REIME S 2 AR T D, — 05, EEIEE A5 A AR R
HTIE, HIEBHESCHFEN T IV X —HEEDRKREERZ 225
SDEMBRVATRENH D, Bl 21T, M oL FEBFEEIC L > TR
T2 iGNNI AE L NFH IV X —HEEDRKEREERZ 22
E55BRVATEERD D, HDHWVIE, EEFREEICK > TI{E L=/
. K0 EBREESBRMRILEGSIEE LMET D Z L THFRT R
F—HBEEDNREREESX R LI D5/ RVAREERDH DL, 2D
K9 2R RTINS T R I 2 B B R IE AT B R O B RARFEIC & o
THETHY RN L, ZE THEMICHRIES N T IR o7z, 18N
RHBREONLD BNV EMEICR T HEET— A MZOWTIE, EBE
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TR RRERD R0 bIEEBEEFEM GERBM) oA RE DL
F CTHE LT 5 (Galli, Cimolin, Crivellini, & Campanini, 2008;
Roy et al., 2007), L7>L., iGEIEICHOWTIX, IRETLDEs &
NRE L EEMBITIZ SN T2 (Goulart & Valls-Solé, 1999), (T,
HNFH TR F =2 OWTIIEITHENFE LR, Biit—A b &
ZRLUTZIEZT T, FER TOHFH TR L —RERE, LD LERY
EIE DR E DR FRIHICK T 2 HIEB O K L 5 o7, FHEHAE
B PR COFEMRBBII A TH D, FITHFHZ X —13, FEEF
ST K — YRE T B (258 72 o 72 o BN AYELBE AL D 5 Eh & B
FEDE WA T A =2 Th D b, BICEHOHE RS T b bR
INBRIDOERE I~ RV F—PEET HWBE LA LN TE L0, K
TCICHEBREEORMBERIETETH D, o, HIEBIOMIT LI
Wb TSR O f GBI I 2 E B kT 5 FIEREEL (v
U= HEEICOWTIE 14 EEEREEAAZ L ZoilF] b2 R) . {H
DG B & CIX R < A o L FEEEN EE O R E A TR TRRIC R -
(Bowden, Clark, & Kautz, 2010; Clark, Ting, Zajac, Neptune, & Kautz,
2010), Z Oy TV —IZIFEINAMEOBLE D | WFEH TR X —HE &
REHEE~OFERRICEDL B TPRINS, TOH, BT
— AL MIIMA, BHIEEC R T R X — b F O T FE M 7 R RE DN
Thd,

Iz, BPEMIMG s th B 2 b RUCIRAE L 72 7200 Tik, B S a7 )
LIRS EEB R E ORBEEZ KL TV D00, & 5\ IEES Ik
T OMERIREZ KL TWDONEREMm TE R, B L IXRER 3
7 A LI BB O | A SE LB CThH Y (1.6 TH THKE T o ]
AR, EB)EE ORI L EEEE ~OMERRNIREL TWD 72D T
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o, ETIE, BIER 3 20 H LURTOBIEL & 2 v I3 [BIHE 56 25 41 1R
FILEB BB EE L CW D RP Th D | B~ A8 B 1% 23 e 2
LTCWRWEREREZOND, TOH, B E S b BE %
i 52 LT, BIED N FRIRF AN E & R E DR M A KL T2 D
. D WITEBNEE T T D MERER A KL T2 00 RIT S 2
EMFREL BERA DN D, Tol2 L, BIERM S RWEEIZIT X 2 EEIXR
HITWD, Bl IZBTEEILE MCREMNOHEEHN TH D LITH5E
23 2% 78 (Hall, Peterson, Kautz, & Neptune, 2011; Mahon, Farris,
Sawicki, & Lewek, 2015; Olney & Richardsb, 1996; Peterson, Hall,
Kautz, & Neptune, 2010), FINZ 6 20 RTEMETH Y, FIKICIED
EEEENEE AN AP EE TIXES ENE VY, ., b ER
DEMEIZN Y RODEEN D 2D RAICKLERFEHEECTHY . WHTIT
)RR ENBETH D, ZOX I REMEDOES BT, ML b BEE
WZBWTHITEEL D 26 ERVEECHNERNGWE T HHEND
LS M TH S (Mikumo & Tetsuo, 2002), D7, L H LAY BEfE
Thiix, B EE & SERN AR P BF IO W THEEED 158
T A= ZITOWTHHER ZMFEL ., EE~DEH)[EE O 2 L wfiE R
EROLNICT A ENAREEEZLND,

AE ST, BRI 2 B TR R LD b b BN 0 BhERY
DEHIZET D NFHT R X —EHENERT 208, EE)EE OB
BRAKBN O EER FTRA~ADO N FH RN X —REELZHRIELI LT
RS 2 — A T E . — RN A R TR 2 O E B R A3 AR
ML TWRWERGER AL Tz, £z, MMM A EF RS 6 T
~OMERFEPAREL T, TRNLEFRGEOEB LA RKT 22 & T
EEAERH KD ERHLE S Cle, 2 b EEEEOFE L MEMERE
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HARb+ 2 2 &id, SEl - MEHNAE T EEOEBEE ZETFORR
THE L BI1E & g 9@ B IR ik O ) RARGESC . 2 PRI 25 th A o E B e
EEAEFOEATHE LHEEECBONTIY T XA —HBEELIZ
DI HEDOHFERRFEIC L o CTHRAZRMA L 725,

1.2 HHY

ARBFFED B BIE, BN & OIS AR ERE O B30 Bk
2B D N FHREL FRICARSE DD FTREA~D N FR =X LT —(REER
TRALFEFGIEE O L FE 2 62 L, B BIHE TR OME L BT
52 ET, BEICHT A EBEEOREL | EHEE~ O EBERE Y

HENIZTHZETHD,

1.3 zE IS X 2 EhE IR O FF A

Jibd 25 BB AR 2 o0 B A B CIEE) T & 72 < e DIEIR DN RF A T
H 5, BIETIL dyssynergia (FLEHE#EE) L TEAELTWVDL IO
B 4 1% (Brunnstrom, 1966; Fugl-Meyer et al., 1975). #] H T Iix
synkinesis (LFEIEH, #HEIN) O —# & L THRM S 7= (Marrie &
Foix, 1916), EREIZIE, [ EAAL O Fr BRI B I2 2 BIEi 1 JE 2 U7z
Br. THRARRET S, MBI O bEE R 22 i dh 2132 BIE o B 81 #5 e 25
9, BEFICHRMEZG T L, AEENRRESEE A ObDND, =
NODOEHMIBEWVICER LTED, WHIIHBELE S EEOTHED
Thd| t@icsnh T, BEICRY, ZOLFEEBEESNH D RE
i@ Lo iR R & R T BRIl 2 O BIHTEB) S AT ARIC e D 2 &
A3 FEfE S 2u7z (Brunnstrom, 1966), A1) H R (2 13RFE O FEFRIZEE 2 o 7223
B EE) D BLEL O TR CT & 272 Z ORIRITIA< b, %ICH
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RH D4 || % B> T Brunnstrom recovery stage & FEIEN 5 L 9127 -
7(EH T, 2014), Z O B IRA L CTEEREAT 235/ L7z b O 1T 5}
MIC/ 6, BIAEKK TR FAH STV 2D DT Fugl-Meyer
assessment C& 5 (Fugl-Meyer et al., 1975; Sullivan et al., 2011), A&
#% 3L TlE. Brunnstrom recovery stage & Fugl-Meyer assessment (Fl
KIEH T& % Fugl-Meyer assessment lower extremity) z # - 7=, Fugl-
Meyer assessment /% Brunnstrom recovery stage # 2 £ IC/ER L7172 b
T (Fugl-Meyer et al., 1975), Jt[RGESICEHIEN G & HFREOEB
EEDE LV ERFENRFIE 72> TnD, T2 BRFEGEE X
i 2 & rt A TBrunnstrom recovery stage & Fugl-Meyer assessment ]
R,

LFEGEEEE T - REHTOKREOERLEZOND, H< LK
SR ) B L2 35 ERAL R AE DS R S A, KM BE & % D5 & DG B AR 23
HE STz (Penfield & Rasmussen, 1952), L2>L. il % ®FHiEHE)
T < TEEY G NS A LTI T 2 il R i 28 — UOE B 3P IS R &
Nlele, —POEBE N EIH T A2 L TS0 TRV EE I
FNE Z o 72 (Georgopoulos, Schwartz, & Kettner, 1986), HFE 1L, # %
O fif 5 8 & EB) 7 6] O [0 B S PO T D MEEEEAN L AE LT D 2 & AV HIA
L. WTFho#lElzbBEb o Tnd & & T b (Kakei, Hoffman, &
Strick, 1999), F7z. WIH TR~ 2 @ A OEBFHIFHRB O 1 > TH
5Hfn Y —R#F L (Hanawa et al., 2017)., @G OEIH 2 EL L7214
EHALTH D HENEF & O BEME bRk & T % (Nielsen et al., 2008),
Z DT, — REE) I O FEE NG EUH I & SIHFRNEE) FEEFICBE D - Tw
52 LIFEBR YOG NG b HRTH D, WTRICEL, ZokoRk
EEIRE R U — 7 OBMEN . HICEER LTV D o EENR DTG EN A



e LTI &S (Nielsen et al., 2008). Marrie & Foix 2350k L 7= &
I IR E D O BE RIS RO B R BN = 5 (Marrie & Foix, 1916),

1.4 IEEREMESZLZORK

{5 BN 3T 9 BRI X E B P B R 802 & 5 (Schenkman, Berger,
Riley, Mann, & Hodge, 1990), L 7L, E{EICITRKEBSLELRK LY b
ZHOEERED > TWD, ZOHKEHEOTRMEMEEZ RS 57
|2 (Bernstein, 1996), EF REENZ O SLHIZHOWTEZL W
FENTE o, LFEMRBLEHIX, ETELERE O MBI S 205
W%k (H2DWVITEBEE) 2%E L7 LT, £ OB % MmiEic 3
HEE & RE R L L CHERUEICT 2 Z &I 2 (Uno, 2014), %
DOWFFETIZ, T ORE R BAR#E &, EEOE FOFHIEE & 2 s
HZEZko, FEBEEET A ORYEER U CE L, BRMIE B
DEFEEFORFE A FHT L7 OFHIEE N LEEINTEY, Uy
— 7 # /N(Flash & Hogan, 1985). b /v 7 Z 1t /N (Uno, Kawato, &
Suzuki, 1989). %% 112 {t. & /IN(Dornay, Uno, Kawato, & Suzuki, 1996),
i o B/ (Kawato, 1996), B 5 2 (L & /) (Harris & Wolpert,
1998), L E o il BB R HE T b D, TNTNICOWT, BIRAIZR
ND, Vy— 27 LITINEEORHZ(LREIFEL TEY ., BLEDHE LS
EEWT 5, b7 IIAREEORES EER) (KR THR Y E— A v
FEFIFE) THYH ., ZNBER/NNTRD 70, ERDIATH 5 HIEEIN i
IMET 2 Z 8RBT D, T A EEISHEE L 72 05 ok ) Z AN
OFMREE TH 5, WIS AIGENCRE T 2 I FH T 2L X — & &
ZROMET D EEOFIREA L, ERICHEIE S E S 20272 % (Dornay
etal., 1996; Uno et al., 1989), 7272 L., T ZN O ~v 7 & 5%
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FEENZ DWW THR/IMET 272 DICEHRETOLERH Y . RIS AET S
FHE a2 F 3R K & 72 5 (Kawato, 1996), EROZIEEE THILIZE S
TOREEHSCHOBITE D70 R BT R EOEFEH TIL., Zx K
MR EHHE T 5 2 LIXFEBREMN TH 5 & 54 4 T % (Crowninshield
& Brand, 1981), ZOFHE A N2V R THT-DICHREINT-DONK
i R MR T H 0 | BB OBGERIZB T D150 & OWIFHE & K/
LI 5 EE &1 5 (Kawato, 1996), Z OE#H Tl, EE#ES O K E

KA Loz o> (EEfESIKTE /A4 X) EEOWERDHY . =
NxR/MET 2 Z & THHEARPSEEIZESW LT MR B FET D
(Harris & Wolpert, 1998), 7272 L. T4 b B2 EES ICB U T i
L SNTFHEBEE TH Y . PuBEREZ ER B E LW E EB)IZ X5
BRDD, BITIZEBWTIE bV 7 B/, R DB RN A, 7/
PR TR A BRI FOEFHEN LY L FEET S
(Crowninshield & Brand, 1981; Yamazaki & Hase, 1992), Z i1 5 DR
MBgEL, B b2 &, ZNERETL-0OHIGTE & . MBI
W5 NFHN T RN =B EE B/ME L TV D &0 D BLED B IR
LEBEENOD, R THGE L b BBV EMEICON TS, BIE
DIFOMNIEERT LIV Yy — &/ EV b, NI E/ANDFTNZEDEH
FHEMMEL LS HBRTERL EF O BITHRDFIET 5 (Yamasaki et
al., 2011),

Mz T, 2HIMETHLHITICBOTHRMPAHT I3 E R M %
M3 2 FEE LT, iy T ¥V — BN FET 5 (Bizzi & Cheung,
2013), ZHIE, H SN L O YT ¥ — L IRIEN 5 EE OFEREHAT £
WA AN RRE L, SEIC L CIOHmY T V—%2HmkT 5 L5 0 Wi
Thod (¥ 1), BTV —DFELIRET 2T & T, EB O IEE) ~i#E
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IES 252 L0 KMOFHE 2 A NIk & <7 5 (Hirashima &
Oya, 2016), EFX, b ERNVEEICB T A0 v ¥ — D g
EEE TR LW & AT TIZH LM Lz(Hanawa et al., 2017),
WRZEm SCIT, MBER L L L TAMIREICA Lic, fv T =R 85
DIEE Z A EDLELbOTHL Z D, R Lo REESFEE X Z
DHYF Y —DORBETHD LW 2 DHEN LV (Bowden et al., 2010;
Clark et al., 2010), L 72> L, MGE L 72 EMERREIZRITNIZ LA L TH D |
D ERDEMEIZOWTIERFES LTV R W, KXot 3.4 T5ME
M AE T EFICRB T 2EEMOF S TV —8) THEHI T V—IiZon
T D o 8RS B B TR 7R < B ze v oo Sk [ B fE E O R 2 FRR 1 %
Z ol KRG OBLE NS SR T R L — B CIE R EE A~ DR
ERREH LN LGS,
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AWFFETIZ, =RV X —LFOWHELZHR S, =RV —3kx 2
REZ LD, TOMELL DXL —, BRATRALX— Bz L F
—. K= rF¥F— HxzxrF— fbFzxLF— NFEHZRLF
— 7R ENZEIT 5D (Robertson, Caldwell, & Hamill, 2013), @h{EfEAT
FEICBNWT RS ERERY  AFETHEHR D DIX, HFEHT R LF—
Th o,
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TRAF—DOEERFRIZONVWTIERDL, TR ALXF— LT LEDEETH
N, thFE2 325t EFSIND (Robertson et al., 2013; ik & &
5,1969), #aE5 3TN, MKOREBEEZ DRI THD, iz, = XL
F—OHERERFME L T XAF—REOENRHY | I NTZHRN
WCBITA2Z X VX —3HD ~EDELHT 5 [Robertson et al., 2013;
Mk & B, 1969), ZI T, I &hiREiT, =X —DfHA
WELRWERTHD, FNOZIX VX —ZZTOBEEEZXD I ENT
XLOM, TXNAVXF—=BEDRSNAST OV T 52 ENEWRD | R
NI DT R F—RFT—ERITREZNLTVWD, ZOFMREEZLL->T, &
HIZANLF—NHETE, ZOMO= X VF—HNE(LLRVIRIW T T
HIIL. RN TOFEO R VT =B 2T 25 Z LR AREICR D,
TROL, FRNEICBT 5 NEOZRTHEL . 2D FRIZROREIS
FIAMRRETH 2,

NFH T XN F—=DONGENE | ZRSNO =R L F = ICE KT D,
NFEHTRALF =1L, DOMbs =R L¥— (HBxxLX—L(ET
INF—=) Thd, ZZTORITHETHY, FENERZN, FIKID
REZRIINET D, FEITHE () 26T 252EH0RTHD, FiK
DIFHTFVEX—=NELT D L& ChantHEE, H¥EOLELS
9 (Robertson et al., 2013; Winter, 2009a), 2 J1FHItLFE 429 5 &
. AEHAHIN XL —0 —EBITBREIC L THERtREZ R
DI S 4L, oL THERHE 2N T DIENSND, Dk
RINOBIRDORFRETIZEF DR NFRHT R L X — (FIEKEHSITBIT DT
FHRIZRXNFX—DORHOM) BEMLESLEG, ZOELER2HEDIF
HRftEEOMTHY . FEPBREICH L TR LEANFHTEFERETH D,
i, EFONFEN T R VX —{HE & L& MR S5 (Robertson et al.,
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2013; Zatsiorsky, 2002), —J. HELBEE RN LR [TBIT 5T x
F—OFRAM LTS, RN GRN) BEEETH D720, REHiH
L= RN X —DMAHPIFAET D, b P OEKEIZEES 2R 2720,
HOEREMN G )~ HFOREMIZE L TWb, T0d, &5 IRE RIS
FAELENZ, b~ FOERFERICEREMEOKNELELSED, =
NoDNE, HOEEIHFZNT T A0 FHEEEZR L, 5 —FHD
KEZF T B~ A T ADONFHMEEL R T /EFE TR LT — DK A,
BEFZZXALF—OFADELTZH L, HDHEE (X =0 Lk
) »ob o —FHOEE (ZRAF—R3#ER LM ~= R LF =2
ELEZ L& BT S5 (Robertson et al., 2013; Winter, 2009a;
Zatsiorsky, 2002), A X THRIEZ ~HIE 57O, %Y B O
KEICB T D50 T 7 AD N FHMEEREZ NPT XL X —(RER L
LTRBEER T D,

L OFMICARE TONFEH =R N F—(REIZOVWTHET 5, 5D
E R OB R 22 D th S & T b ) IS & o R B 1)
U — LRI D (Robertson et al., 2013; Winter, 2009a; Zatsiorsky,
2002), ERE L0 MBS R T DRERIREI O /8T — 23R & (S
o BRI IF =RV F —DEERNE KT 5 2 ERHABN D,
FIBIRAFR TRELTIE, HBBREN-1ICESKIEE NN TR AL F—0
CEFEVPHERT 2720, ZOMBREOF T2 L2 b D% )5
TRV —RENFE L LTI TE D, — MBI AR [ 12 30 3
BFIAE L2 b0E LT ZET LT D720, HEIKRE R O %
TRV X—RFEIC L o THER OIS O NP FEEL LT 5 Hix
7 (BfieE— 22 b)) EHERIEEOAENIZR D (RAERRER TR
DOWNTIE, 2.2.44 HH THFHMEEREL AU —] 2RO L), BAMHE
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— AV MEIMERAEE CHEAT OMEDO O, MR oA ZEAMIZ L > TH)
FH TRV X—REENELASND, DF Y AT o FE R H
PROABREN LICESIEENFH =X L X —DLRERENERT S
e, ZOMBEFRBOLES ERR LI FEHT XL —(REHFEL LT
R btz 5%,

EFRLEZ, AN XX —HERE, DFHNZ X LVX—(REE, %
B = L F — (RN R & AGm XTI EARRICHRE S LT 9,

BB NFHT LT — [ TEB T XL F— L LE T R F— DRI K
> CTHFE T& (Robertson et al., 2013; Winter, 2009a; Zatsiorsky,
2002), BARB 725t 57k % 3.3.2.4 I A= RV % — IR T 5,
NP EREEIMIRIC DD ST N EBENORARE LTERTDLI LB
RBThHY ., BIRMRFREAIEL 22441 TFHMEFER L U — ] IZF
I D, MEITEMNAFE DY 22— (J) THYH., WHZEMICEMTH
D, mHAIZITRTE O EM RN BRE O EMA Rz DTN EEL 2 &
WL, ZDOZXNF—JRICONTEZL DFEmNAHINTE, Ll
A, WA OTEHED T T WV kRRZE, S F DR ET I I ER) 134 C
PNbLOE L THEZET ML LICKDEETHD Z L, Wik
EEZHFRLIZET LV EDOKRIEN SR &7 (Ebrahimi et al., 2017),
ZhE, EERTIEAFHNE AT —RENILEALETHY , hoHE
DN F— (BTN F =LA R L F—) [T TLEN I D

PTNTHLZ EZEHL TV D,

1.6 Jibd 2 A o 953 A 45 A
AR DR S FEIC BN T, BIEHESE ORI FEZICH S, T2
PH HAFIC L DEENEETHIRHIIREL TWDH, Z OEEITEE A

15



TES . AN DI AT < HEATGEMER SLEIZER LAEROEIS
R&EL D2 EH)EE L P OLIZEITHIZ CTiT#EH L T 5 (Dobkin &
Carmichael, 2016; Zeiler & Krakauer, 2013), AMzZeH B E & 5 W IXHZ
TETFZLEMIZIB DT, EEEENEIE T 2 OITFER 3 D HRE &R
EHTWb, ZoRIx, #%Nygren & Wieloch, 2005), 4y 4%
(Dayan, Inzelberg, & Flash, 2012), f##“#(Ward, 2004). %k % 7268k
ZBITL2 7 U ATHBELTWD, ThEaiEIT, BITir5E CiEE #
ZRIEH% 30 H FTEEFEL TV H(Dobkin & Carmichael, 2016), 72
B, AARTEEITOERKRICEWTEERY BV 7 —3 3 URHA~
DAGEIARI N FIER 6 P H ETLED BN TR FIER 6 NHURN%Z
[FIE ) & A T D (R, 2009), ASFR SC TR EBR 7 B bS8 IE#%
3MMALINZIEEM & EERT D,

AVESNZEIE L 0 b RETO R 255923  ENS TR ER D 20,
[E 44 5% 3C TIX[EI1E ] 2 subacute phase T 72 b bl AN & L, 24
EORMEREER T2V E DL H 5 Dobkin & Carmichael, 2016), &
DI, FEAETR 6 IRF [ LA 0 b A% ZE 13N 1. 35 o> 7 BR B LT 0 i B 2 B
FAHZ e, BaMEHY (hyperacute phase) & L CHIbT 52 &%
& 5 (Bader & Palmer, 2006), [E DK T A K74 25 R4T5 &,
FPIBRE~OARYIR & LT &2 1 2AUREZREHE LTS
(Duncan et al., 2005; Stroke Unit Trialists’ Collaboration, 2013), F
7o, BIEM &L THRIER 1 A U OMBREEIZE®E & T 2 S
YO ET A G fEIET S (Biernaskie, Chernenko, & Corbett, 2004),
ZDH, RimXTHRIESL 1 2HUNEZBMH & ERT 5,

e, ESE L CIREESAK T Lz 3 HUBRERTZ L%
VW (Dobkin & Carmichael, 2016), L2>L . e i@ v H A TiXal{E #1 %
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BIEH 6 MHLUNE LTEBY ., BHHIXRIER 6 MDALUKE D, K
SCTCIE, EBERR RS 3 ALK A RIER & ERT S,

L7 RSO
bW szl E A, A TR R X OV BN 25 h B oSz
L EN Y EBEICET 2 ) FERRFEIC OV TR~ 5,
ARSI b ETHE SN TWD,

B1IEIIFM THY ARLOEWEZDOERIZOVWTHR =, F72,
Jib 25 D JE B R E O FFICC . R RS I8 D B E o E B e 1Y 8 B
IR TFH TR LX—D TR N2 B A IOV Tk~

—IHEDOHTEDNLE ST 2 A LT,

B2 W TIX, BMEHMA TR ISR T DD LAY BIERE O J)
L — L HTIEE ORI OV TR 18 M H A 2 o RRCE T R Ak
ANEDHYED BBV EMERRORH T 5 NFR T RV X —{HE &5
KT 20, EEEEOBMBRKRENDEER TREA~DOIFHT LT —
CEERZHARIEL 2L THEBEEZ —HME T2 LML T, &
AE L 7=,

%3 ETIE, RMEMMNMATEEICB T S H B0 @R D R
FNF — E IR O RKFBIC OV TR D, SN zE p B TR
£ 2 Fh#Esh ks~ O E BN LT &G T, RGE L
7o Flo. DEWIN A B E IR O N EE B E o~ o 4 B LR 03
LT, FPHENEFERBEOEES 2 FKT 2 2 & CEfEL #El ik
EARELZ ST, BREE L7z,

SEMBRTH D BN & BRI AR T RS L O D
EEEEICL DD B BIEORERE L MEBERICOVWTEET D,

SN

rb

i

%4
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FEAMETEHEONTZMAICOVWTERL ZOEHRBLBRAERD,

#5 BEITMEim TH D,
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28 RBUHBMEFBREICRITI AL ERXVEEROHDZEH X LF
— & HIEB DR

2.1 M

RFETIX, BUEMMAETRZEONSD L3S0 8{ED I ZMH#IC SN T
MR D, AETRIET 257 A =21, BEfit—A &,
BT — A MCRES BT 2 MRS, E 72 fHIEENIC BEE T 5 770
TRAXF—OHBERETHD, ZONFHTRLF—HEEORIEL LT,
WU =L NFHEEREE S OWHEZHAWD, ZALOREEICLY, &
O NFER =R F —HEEL, MEi2Mlkd 5 2 KEiR O 7 FEE) T %
NX—REPEB LI MRERLZ P O ICHK D, £5. BN A
HONDL LN EERERICET 5228 O FEH TRV —HE BN
FRN & ATIZ R 72 2 O WTHREES 2, RIS, HEB) A0 - 45 B &

BT LOHEMRNFH T RN X —REDNEREREOREE LI L

FEOXmMBEXNEE L RET D, B2, BEHEFOHRELIZL->TZ
O OREBN MM R D0, BT TN —TERT TRAET 5, ZhiZ

D, KEMTONFEHEZR L —REESL, LH ER Y BEOREED
EEFICEB T 2 GBI OB KRB 5 Ik D, BN EE B
TIFREFERA LY 2 LR EERF O 2 BT 2 JFER T RV X —
HEBENHART 223, EB)RE OB AR b B2 T~ J1 51
ITANF—RERZMAIE L L CHEEIEEZ —HMHE T D R
LT, RBREE L7,
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2.2 ik
2.2.1 X%

94 DB EE L 94 O S E DA LTz, #%
BRE OFFEMR RS AR 1 IR T, BN AR R O (R R =)
FIEL WX, 5.44 (6.95) £ Th o7, EHEED -~ BHHNEETH D
Fugl-Meyer assessment ( F/E) 2 27 0¥ (EHEF%) 1X. 23 (3.80)
T3 o 7= (Fugl-Meyer et al., 1975), A #£ 2 (128”7,

18 MG 22 PRI, MR TEHEMICY N T =Yg a2 T o
TWOEMNDEE Uiz, @ mEE L. PrE e E 0 ke e L v 5%
17,

12 P I 25 R DD A B B YE 1T PIEI A ZE B D U I3 H i
FIEM 4 72 A DL ERGE U7 fE B, T OEBIREE 2 H 3 H5EH . fiBh A
ZAWTILD B30 EERS FTREZRIER] & U7e, 18 M A< B o FRAh
HHEIT . 2R DUAMC B E T DR - B AAR R - NEHY
WA AT DM, FEERTIE & PEAR IR B e SR AR N N A A T L E R &
Lo, fs miling ORI LT, 65 MR OH . BE~FET DI
) - BIEAEL ) - WRIBRB 2 A T 28 . EBRTIE 4 R K HE 722 58 %
WRIE T2 AT 2&F & Lk,

ETOFEBREICH L, FHUERAEE XETHFYRBAHEZIT, O
HTORBRICABEE~DEL ZH5T, £z, FHUKBEIZHT 2050 fH
HREAEZESORREGIE, FEhi L 7-KRE S 29502),
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# 1. g o AR E M

fat i i 12 MEI K 2 R R
il (%) 69.33 ( 2.59 ) 70.44 ( 7.28 )

HE (cm) 162.14 ( 8.08 ) 161.94 ( 5.10 )
KE (kg) 61.82 ( 10.36 ) 61.67 ( 6.71 )

F* 2. MBI A A O ER

PR E FIER (A) FMA-LE(:S) JERIEARI A AL
A 8 22 RN ZE 775
B 17 20 it ZE R
C 18 19 o MMAEZE  pNEEEhREAgE
D 18 29 F Nt gE 1%
E 21 19 e RMFEZE 77 )
F 47 28 o Mt gE TR
G 65 21 fi JtESE 55
H 131 23 F Nt gE VBG S
I 263 26 F PrEZE ki

FMA-LE: Fugl-Meyer Assessment Lower Extremity

2.2.2 FEBRTFIAE

ETOWRENENLONH ENVEEEZIT o2, &2 TOWBRE IS
BB ONH EN o T 7S] LA RL T3 T T 2FE LT, &
TOWRE ORI RS &2/ — Lic, #BRE oM EEIXERMIC N, B
L2k Sz Uic, #BRE O MR KBRS K 2> & 10°ATE ., i H] T fR
NREICH LTS LEERND 1I5°HET L) B0oE S 2#lfg Lz

(K 2), B0ES TIERLS FBES ZH— LB i, AF5Eo B iR
AR BEOBIEAIEEA O T 22 THY . HBREOHEBRIC
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LORBZHRT OO TH D,

2. PBRA OB LS (RN 2 EA TR T DR

2.2.3 A

IR s & LT P N =k o #EM AT 28 & Vicon Nexus ver2.5
(Vicon motion system, Oxford, UK) I LW 4 & DK 17 (Kistler
Instrumente AG, Winterthur., Switzerland). # m#hE Xt Delsys
Trigno (Delsys Trigno. Boston. MA. USA) %M L7-.

SR ZWRTEEMATEE B I DV T, BRI IR E O &K 39 R
(ZE4 ORTEEES . EEED . M, LRasMu, BB S, misMal, R
ARG, BEEERER, B 2 TFREE, L. % EEE .
REESMAL, RBEEISMAL, FARSMAL, SAR. B2 TREE, HELE 7TH
HERRZSES . Mo E . RKZSE. A B % 10 MHEBRZEE) (ZHRAM IR I
S~—hzZMfL. ZnEZHAMOFRNRI A TIZL VTV 7L —

22



F 100Hz THRE L7z G o NTeH~— I OEMIFRIZTT VZ LY
A AsNER LT, IRRAGHIFEm E 2B TIc2H8, EAKRTICLE
FTOHK L, KRKAE®RIZY 7Y 7 L— |k 1000Hz Trlgk, 7
ZNAE LN Y 3~ LTctk, 100Hz (2 7Y 7 L,

FTH X FE O GRS (XA 2 R & R R 6 A CORBR . KR
AR, RBRIEA . AMURE . ATIEE . BT AH) L L. Emi
A L7z, oM EMREERMIC oW T, AEWES - BT 5
g —n v o FEES) (BIOMED 1) 12 XV E¥l sz, £ EX
WL DD IHEREFEM (Surface Electromyography for the Non-
Invasive Assessment of Muscles: SENIAM) #8249 - 7= (Hermens &
Freriks, 1999), fiENMF#®RIZY 7 ) 7 L — bk 1000Hz Tiigk, 7 ¥
AL LRY 3~k LT,

B TCORIRN S OFHT — 2137 ¥ Z VW IZRE] R L 72,

2.2.4  fEAT
2.2.4.1 fiEArH B

UTOMITEE 2R Lz, EF 0BT — A P E—Z DR,
THRABEEICR T 2MEET— Ay N — 7 il (XBIE-HERE - 2B .
B B O EMERH, B OFHT— A FORHESEORN, 2y
D FHEEEOR, FTRABE ICBT 2 Rt EE, FTRABESO
FEER TR T D EEE (B E TOM - RME) ., BRE W
BT D R R X — R ER R (R - T BAS BIHED o 4 B 5
FIZB T 2 AEME, MEMIZEBT 255 0REHEMEESHTG (KB

. RER SR REA, RBRIE A, SMULH . AT E . & 7 AH),

23



2.2.4.2 EEFT — X QPR L i@ ) FEH A

TR IS~ — B O ZENLAE 1%, Vicon motion system #EA3 24 2
EHMEY > 7 €5 LT % Plug-In Gait full body model DL
Wi (K 3), TOETNVIE 16 KHE (56 - sl - BlgE, EAOR - F
R - RBR - F - Al - LBE) KV SIS, E LT, YEKBIEN A A AR
T2 2 REICOWT, [EE U7z AR EEEAR 2k U SR B 3 2 55 A (R i
a2 AWTHESAEZ RO DA A 7 —IEICH - T 7o/ (IR
A OB - MBS - BRI A2REM L, k. 2 ToMHIICo
W, UBHEI 2 - CEMAEE OB EZ Y 7L 27 L TE
Tk UTe, MEBAEN M8 & B o RARBIH TH » (Hwang, Kim, &
Kim, 2009; Kurita et al., 2008), I HI Y B8 iG (7 E 4 Y > 7 &6
EHIR LT, £, R TCOBEIARHEER ETo 3kt ebb 3 H
M EE D TEB) 2 3P L CEMAE L7e Ay, BARE O AT I VX ok i b oD o 8%
ML, 2, b BBV EEDOREN S, FfRm s 3 FmESE) DX
EAEEED DD TH S (Bolink et al., 2016), 15 5 7= 4 B &i 4 £ )
5, WAL FRENLI2PTLEDECLYSAHEAGAEREZHEE L
(Robertson et al., 2013),

0, =% (1)

T, YRGBT 200 AEE., 0IXBEEIAETH D,

KK DB WIT B ed 15 (RE Y v 7 £ 7 VICxt4 2 08 ) 5t H IS
Mo, &BEfit— A FZEM L7, Vicon motion system fH723¥i &) /)
FEEACHE T D R ET O B PO L E ST — A 2 MR TR I A
- T\ % (Vaughan, Davis, & O’Connor, 1999; Winter, 2009b),
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3. Plug-In Gait full body model

2.2.43 REFHEXT — & OWLH

REFHENT — 213, EHTEHELBET 52 L ThEBREZ L EIC
b, To%, BIEICL2BEMOBNSCEEENOEELRET D
2l YT —F 2 ARDMNFHTNR LAY RN« RZ—T—27
AV H— (20-500Hz) IZMF7m, 22T, T2 LEF, 74 0%
Vo7 LleTr —2 Oz i L CHERRICZ A VEZ ) 7552
ETHY, TNV AFV TN T =2 LT g NVEZ ) THROT—X L
ORFHTNREEIND, 207 —F 28k L, B2 4 ROMHET
L —/RR e NHZ =T =27 A )LF— (10 Hz) 122} 5 Z & TFigfk
L7,

2.2.4.4 NFWEFERE L T —
AIEENCB T 5 M R VX —HEROHEEE LT, NFEitF
BELEOWHEENH WS N 5 (Gordon, Robertson, & Winter, 1980;
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Robertson et al., 2013; Zatsiorsky, 2002), /R FEIT,. HFEHT
INVFX—NROE~EN LTEEE LTERIND, £, MIKOENL
ZHIEEZITHELTERTDAZELARBTHDL. IN—ETHLILGA.
HFHMEEEEIMERICND L H e, ZDONITE > TAELDIEMDANEIC
LoTEEIND, LrL, IR —ETRWEE, 5 WIIWIEDOEN
MEMETRWEEE, BAREICB T 2280 GEE) & o n—
LI FIANC DR IEEER B ESND, T, HFEALHEEIE R
o o 7= J5 1 O PR E & O N ORI L » THE SRS,
HLNZREIZ 38 1T 2 (K E 0 ) it S & & ) F 0 H 2 WL IR ET o 3
U— (Ps) EFERRL., Ko ) FifhssE (W) IEET O (4056l
DT TO) N —RE RO FTEfEE L TR TE 5,

W, =[P 2)

2T, NFEHZRAX—DIFE A LI omE (KE) ITfEEL,
OO =R X — (HEZ XL F LT X LX—) (T8I L&
b TFNThHd, TOED, EKHONST —Z, BARKRIICBWTH DI
HiN SR OKRE~BE L NPT XL X —D & EMRINTE 5, ) (Pp)
EE—AV N (Py) WCXEoT, DEENHHEFEL TWDIED OERE~
RET L2V —EZ2 KA TIHET KD,

P, = X3-1(Ps, + Pu,) (5)

2T, FIXBARER A, DIk BAE L o MR . MR B T — A v b

W XBEHEE O OREIAEE, NITREYRENICE SR L TV 2 BT
»H 5,
FRLERTA—ZEIEECTHRLTERELE, ZhE, #RE0y

Sy
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BIRIRIC L 22T 2720 THD

2.2.4.5 M ZR 0 & B~ D J)FH) = F L X —(RE R

X (3-5) #EAHIL L T# % 5 (Robertson et al., 2013; Zatsiorsky,
2002), X (3) 1FHEKT 5 2 KHi L bR fEICR D, AW TITEAE
BN EEZ Y 7 E R L TET /ML TR Y, YEE 2 #
RS 2% 2 REISG OIS HEET N E Z 5o Th DH, Lo TR (4)
DI EfRTIE, Yk 2T 5 2 REIM O R = L ¥ — (R
Wb, —REIEREIXE oM CREZ /AT 2720, mMEAH»L
DNFHTRNFX —RZERDOE LG E 2 BRICANDILERD DM, B
e E COMER B MITMEREEE Y O TFEH =XV —[mENTEALE L
HIrIND, ZOBEHAELT2HADY, ETRELHFIEOFAME & LT
ETMMESNTEYEEE LoEREL TWeWed, 2 L CHiEE TIX
Magh & B DEEBBIZFEAEZEDLT2OTH D,

Thbb, WBEFEOHFHZX LY —(riZERIL, 2 KEHHEORT
—RER A E RS E oIk kE722D (1.5 H [T
FNAF—DOPBEBLOMzE] b2ROZ L), KEICBT 2 HFEHT 3L
X —OEBPIIHIAEIC L D720, ZHIEERENMEEZFEL WD, B
REDOHNTEE SN DEEICK LT (AD/NT —) | fHlUHEIZ LY
fh 5 DERE DB L TWDIRE (IEDO/RT—) ThV ., HHIIHEL
B b LTwgwy, FHBEBMR TRILT I, Pearson O FEFAHB MR A
LIZIESKIFEENFHN =RV —DEZEENE KT L5720, ZOME
BEOFEEWIE LD NFH TR F—(REHR L L THEE/L
776
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2.2.4.6 HMERFE OFRE &L H L2230 B fEDMIX 5y

ETOFNT—21%, b BV EEXHE O LA Lz, EERLEIT
VNS 0 BEE A R AN O IC AL A B A L 7o e BVERS T IR T
OB AEEN 0 rad/s TR L 72K & L 7= (Hanawa et al.,
2017), 7pds, HFEAY &I, RER ¢ 1Sk L TR O K t+1 O AR K&
<720 Ty 0.1 BEMkfe L7c sy DR & Lz,

BRI RO 72 KA I8 D WD TUREAT IR RIS o 72, 26 EAY0 BYfE
ITEMA LB EI ARV IRT 2D, ZORENPLHERSENAETH
% (Anan, Shinkoda, Suzuki, Yagi, & Ibara, 2015; Hirschfeld, 1999; Hughes &
Schenkman, 1996; Schenkman et al., 1990), ZAVEILDOFLIT, EEFIZ L HHH
X5y &5 O BWH OB AR & WIS, B b FEMIC XSy LTV 2 %8 Tl
LIT o 4 FIZ4HH S5 (Schenkman et al., 1990), % 1 #i (Flexion
Momentum) : E& % FiJE S, EB &2 AT 5, 26 2 #1 (Momentum
Transfer, BEEAR) @ B2 MR s, RIEmR LICKELBTHT 5, 63
fi (Extension, ffiJEF) : R EMEIE, LH~BLEBBT 5, 6
4 i (Posture Stabilization) : X% L&l T 5, LinL., BERFFT
E22 < EEFICE T 2 NFRBBICEREZ Y TREARIEICB W T, B8
DZEMITEER O FER LS IBANLE A ONTE WbV &
LT, Fio, BEERERIIBEEER T CRIEET— A DL R
HFRINT A =2 o> THREN LS THD (M 4 22D
L)y TDO, AR TIIEE E TO®MEE S O BLEN S, Bk E BT
HER £ TOM & MREIZK ) Uiz, BEERF AL, e 258 FOKRK
FEELIT A ON ZR LTk OK R E L TRE L, ANFSE & RO
BlLE» DRSS LI EATFRIZ V< D22 F/ET % (Anan et al., 2015;
Hirschfeld, 1999),

28



2.2.4.7 HUEE S LR

fRE RN SR A P B A Z A ENRRICEI D Y T, BT IRAR
[ZDOWT, BEME TxIS O ¢ #E 2 FE i L 72,

B, —HEOMATHEIRICOWTIL, BN A T EE 2 EEHEEOH
JEFEIS Ko T2REIS I ek U 7o B [ % o HEE O FE & L T Fugl-
Meyer assessment A 27 Z >, 23 AL EZERAE, 22 SLLTF 2 EHAE &
L 7= (Fugl-Meyer, 1980), f#& plc A\ & 8 IE 18 MMM 42 b R E1E 12 1
B2 BTSN T, BT OREM O g 2 M RO N ¢t BEIC K -
TITW, B SN p EICHEE D 3 2% U %5 Bonferroni 512 X A fili1E
ZATO T & THRE R LT,

FHEAKMELp=0.06 & L7,

2.3 R

2.3.1 &/ T7 A—X ORFEM L

AR TRIEL TR TORT XA =2 OFENFHE AZHEF %, p fHIC
DNT, £ 3, X 4T3 T, &/3T7 A —FDFEMIZ OV TIIRHELLIE T

ﬁ/\\‘éo
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* 3. BENFIE (BRI 2£)

T AR e iN2E AR
BERERE (sec) 248 ( 0.69 ) 433 ( 1.40) °
Bfit— A bE—2fl (Nm/Weight(N))
48 -043 ( 0.07) 042 ( 007) "
WBIE -0.06 ( 0.02 ) -0.08 ( 002) ™
MBIES 007 ( 0.02 ) -0.04 ( 003) "
JEBEET -0.05 (1 0.02 ) -0.05 ( 0.02 )
BfiiE—A > ME (Nm + s/Weight(N))
48  -2566 ( 11.28 ) 46.04 ( 22.84) ©
BIEFOEH (J/Weight(N))
4 2289 ( 3.26) 26.48 ( 3.02)
MBI 412 ( 2.05 ) 663 ( 241) "
i A i 547 ( 1.65 ) 4.27 ( 2.57)
JE BE 1.23 ( 0.64 ) 1.79 ( 1.34)
B £ T (J/Weight(N))
I BA fi 0.64 ( 056 ) 1.28 ( 1.65)
WEpEs 031 (1 0.26 ) 0.57 ( 1.11)
ERf 0.06 ( 0.03) 0.07 ( 0.12)
i 138 (076 ) 204 ( o72) ™
Bt LA R O f1 5 (J/Weight(N))
MBI 3.48 ( 1.69 ) 535 ( 206 )
i B i 5.16 ( 1.75 ) 3.70 ( 243)
J2 B 1.17 ( 0.63) 1.51 ( 1.22)

B E TOMERE (°)
MEEAET  18.25
BRI -3.74
EME 5.16
fazs  22.92
B 25.36

9.88 ) 21.52 ( 4.30 )
3.83 ) -6.88 ( 10.40 )
2.56 ) 6.52 ( 2.22)
8.42 ) 3550 ( 11.21)
9.36 ) 30.27 ( 4.08 )

A~ AN AN AN

BB RN AR ORI 12 M A T R B, T p < 0.001,

**p<0.01
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* 4. BIEFEBIEANFE (BEYERE)

BEH A BIERRN A R (BE) AR PRI AR R ()

HiEp: £ CoottE (J/Weight(N))
HaxEEm 1.8 ( 0.76 ) 1.69 ( 0.55 ) 2.43 ( 0.70 )

B LR O HF (J/Weight(N))

R 3.48 ( 1.69 ) 491 ( 221) 5.84 ( 1.86 )
TR (°)

BRI 267 ( 8.02) 1048 ( 1054 ) 1254 ( 998 )

JERaE 2.49 ( 5.19 ) 497 ( 9.03) 709 ( 5.74)

& 773 ( 3.04 ) 6.08 ( 3.99) 9.81 ( 593)
BER LARE D ARG BB G (HER CARE /22 {A)

2545 0.43 ( 0.19 ) 062 ( 017) * 061 ( 0.08)
KB 0.82 ( 0.06 ) 063 ( 013) & 083 ( 004) !
KRR EEFE 074 ( 0.06) 067 ( 019) 082 ( 005)
KERER 054 ( 0.15 ) 052 ( 019) F o071 ( 010) !

s RN R O SR ME 1 PRI 2R TR RS RRBER]. %t p < 0.001(vs.
fEE RN, **p <0.01(vs. BEFEA), T:p<0.001(vs. 18Iz
hERE (BRJE) ). I:p<0.001(vs. fEHEAN)

232 HEIE—AL PE—27ELEERRIS IOE— A b ORFRHHHE
53 e
BIEIE— A > F OS2 2O T EH RN &M N A R
b, 2 CHEREZ IR RKEE DX D RITHEERNo T (K 4), &
BT — A2 FE— 7 EORFNZHOWT, @V BE L A
ORI THEZITE) -7 (¥ 5), LrL., HifiZ & ICHiET 5 &, %
B LT 35 W TR IR A o BB D RN O 7 MR RN KD b R E o T
(p<0.01, 6)o E7o. IRBHEIT F5 VTR N A< rf B D SRR LR 0D
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FWREFRANL Y /o7 (p<0.01, 6),

Fo. BN AR EE IR ERA LD B B Y B ERERH R 2
- 7= (p < 0.001, 5)e TD-, BHFEHIE— A b ORFHEFE S
DN DN TIE, MEFEBEEO T PEFRALY bEEICKE o7

(p <0.001, 5),

BfiE— £ > b [Nm/weight(N)]

t [sec] t [sec]

(Z2) BN ) 12PN 2 b B IS T 2 FAfi£ — A
¥ b DORFfR] N Z 2 L EB) E R OREERB] AAM R T
X D _EEIZ E B OB 2 TR

=
N
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0 8 0
= 0.1 * 2z
+Z T 6 Z -20
NE 02 8 N &30
w5 M= KL
| 2 -0.3 =2 4 | B -40
2204 g 200
= 8 =2 % g-60
I _ VB~ i
®Z -0.5 UEE-'?(]
-0.8 0 -80 %

BE wne A B mpesschin
5. (£) 2HFOBEE— Ay FE— I HEOKR, (hg) B)ER

W, ) 250t — A2 bOBBMESEOR (*p<

0.001)

BB MBI R

BIEiE— A b
[Nm/weight(N)]
L s s

o

(2]

un) vl CE - T R e
(SRS (BRI

6. FEMICH IO T— A PE—27fE (*1p<0.001, ** p

<0.01)

2.3.3 EFONFMLEFEEOMELEEICBT 2 HEMTLERE
Eieky, 2FBEHiT— A2 FORBBESMEOMEZREST H1-DDH
EENZOWTH HAEFREO FNEEFERALD D REWA[RERMEND 5,
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Alal, FIEENCBE T 2 DFEN =XV X —HEBORIEL LT, N
EEEEZHEMH L,

BHONFHEFEEOTICOWT, MAEFTBEDO LT BEFERALY B
R&ho7 (p <0.001, 7o Filo. TEABEEHIZKT D PRt F
BT OUNT s v R o SRR AR 5 BA £ 3 e R N D IR BAE L D b R &
o7z (p < 0.001, 8), MLOBIHIIZOWT, M2 BFE & fEH B
DO CTHEZITE)»- T,

i, FRABESICKT 2 DFEHNEFRICOWTEEFHE I LB
RAE L 72l SR, i RAR O B B ETIC oW T, 1B MR ZE B O BRI o 7
PREFH RN LD b R&E 2 o72 (p <0.001, 9), —Ji. RO
EilZ ST, BMAE T R O BRI 0 7 AN RN &0 b S WA B
o7z (p=0.01, K 9), DFE V., IKBHE & MBI Tl Ay 1k & 7
o7z, BERTIE TR ICO W T, MAEPEE L@EERAOBICHER
XN T2,

195 [J/weight(N)]

0
Bl ik A
B (ot s o b

7. BHONFEEEOMR (¥ p <0.001)
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*

10 : 10 WERHED 0 S BEHN
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B 6 6
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B ik A wiemmsch ey [l s B

(FEIRRHELAA) (PRRAEEAA)

8. THAME © hFEMtFEE (* p<0.001)

s B A BE AN
e i A
4 8 8 i
&8 6 6
=
=)
2 4 4
51 %
ﬂo 2 2

0
BE aep A B s

C FEBFIMICRIT S () kEEE G) BEEO 7R
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234 HEE TCONFRMEREELWIELOEHE~DONFHT XL F—
RiEw

THABEESTt— A2 MIBBRBICY—r 20250, ELLE-#EY Z
DO R BAETE — A o N TR PEHIN 25 B85 O BRFARI D J7 A3 Rl A &
Db REDoTz, —Ji. FREREBEEICK T 2 FNFERICOWT, B
B E TIPS EE RN TAHERITE) -T2, 2 ORMEME
IZOWTEEMICRRET L 72,

FP. BERERFOEBEICB T 5T —IFADETH-= (M 10),
F0 . REASIE—A M ERBASARENYRE Lo ((4) ), K
K7z E iz >N T, REESE— A MIMER X THY | KB AHE
EiIXEimE Thole (M 4 bR L), /o, KBS EZMEKT D
RENIEHE KR CTH DD, BERE CIXIZEAERNEEONEES TH
o7 (¥ 11), T7hbb, KMEfiHEE— A2 M 25 RaTEHE
AT O T2 DITHEND NFH T 2L F =G S T,

BHATFHZ RV — %2 MG T 5015, X0 EICHFEET 2 ME0 L
R L7z (2.2.4.5 HH THIZEN S EBRBA~D NFH T XL X —(RZENE]),
MERIFIC 1T 5 N FEH =R ¥ —RENFIZ OV THRGE L 7R R, B
B EE LEEERALE BICEmWETH 72 (EnEh 0.99, 0.98,
X 12), D FE Y BPEWIRGA R G R N FAR I M 20 & B AR~ %)
RIS DFHZ RV —NEREL TV, BEERE TICBIT52EBO NS
s (IFN TRV —RER) Z MGk LR, 18N 2s A
FOHPEFHRANID b RED>72 (p <0.01, 13), FEMICEE) R
EOHEIEE E OBEEEZRBET D710V T I —T EER LIRGEL 7=
fER, EIERMEMM AT REOFTNEEERALY b RKENo (p <
0.001, 14),
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k. BN A R R EEEE RO T, B E To TR A A
MEICAEZITEN ST, UL, B E T ol 2 A & i385 6K
EHBREOFPEFEHRANLID b RKED 72 (p<0.001, 11),

0.02 B RS
0.02 |

0.04F

-0. 06

T — [Wiweight(N)]

-0. 08

-0.1"

t [sec]

10. B F COXEEE ST —BEM iR & A OEIC 7 D T iR

Ji% BAffi R BA 2 B TR B
0 50 x
25 45
— 20 40
e, 15 35
# 10 20
= 5 o
g0 15
= 5 10
10 5
5 0
Ik UE A RIS e e
(FEFRAELAI) (PRI ARI)

11. BB E TOSBHE - REio ML E (*p <0.001)
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-~ g 0-17

1 2 3 0 1 2 3
t [secl t [sec]

12. () &AL Ch) BIEHRN2E T EE O —Fig U
—Rpf R (B o RERBHR (3 Pl 8 R A

i {13 [J/weight(N)]

{EJI%'E}Z } N
B o b

13. B £ ToOBRONFMMLFER (1 p<0.01)
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155 [J/weight(N)]
- (]

—~
-

il N
L] 1R A
(i)

BR o hmy
()

14. B E TCOFB~DNFH RV —(miEHE (EELH, *

p < 0.001)

2.3.5 (REMICE T D F0LEREE HIEEHE S

RRL7ZEY . MR 2 EBEE O N FREEREIC OV T, KR
HERE OO T PNEFRA LD b RE Do 70, FEMICERESE O R
FEEE & OBAEMEZRR T D721 7 7V — T 2 AERL URRGE L 726 5L
AR 31T 2 X B 0 ) FREEREIC O W T, EEEMEWIN A B
DFRFAN D 7 BT RA LD b REN-72 (p<0.001, K 15),

MMAT, 2B ERVEERTE (TRDbBIAN) 28T 5 T4 B
AR Lo, SR, B AEIC O\ T, BEHEEMEMAE P BEE O
BRI D 7 M E RN L0 b E B LTz (p <0.01. X 16),
MET 5L HIEBMEMKAATEFHE O P EBFEAIT NS WOIZE LT
NFHEFEEPRENVWE S IR L R o7,

FREY, MEMRICEBWNCTEEICH T 2R HIEBHDNAFET D AR
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MR D, TOH, BEREICK I 2 RO K i B E & %
B L7, 2 OFFICHONT, FIERMELIN AT EE O EEE RN K
DL MBHOEBEISNRENoTc, BIRRNZRHIE, BEEHTHLILH

=

H
5 & M BEEAR B 75 T & D KRB . RBRAT - oo "R TdH D KIRIE
& KR IR RETH -2 (K 17),

{14 [J/weight(N)]

| 1B A o
(#235E)

B ovomash g
()

15. fi A T O MBI BEE O s i (EEER, *p<

0.001)
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(8iE)

(H5E)

RuZEe e RUYER ] reC e

(A.U]

{f AR T OTEBIEI S

16. #& TR OSBHEiME (% p <0.001)

EZ S
1 %
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

RIS

PN I
FeBH

w*

PN N

(HEAE)

(HAE)

| miemmshmg B A R

17. HEMHCTOLHIEEIEIS (¥ p <0.001)
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2.4 B
2.4.1 EBHEHIMAETERFICBT LS ERVEETO FHT XL
— 4 B R

FT. BEMMAEREEICBNT, b EXAVEER O RS BIHE —
AL ME—ZEIFEBERANEZDENN, ZOREIIREL, hFEHT
ANF—HBEELREWZ EXHLNE R, EHBIFEELHZ TS
18P N 2R R TR IS B 1T DR KBAEIE — A v b O B A
AE D b RESH R PoT—FH T, BIfEREO N FRH =R —H
BELLTUTBRE-TEEZ NS,

LHBMHE—A Y =V HEOBRFICOWNT, BN AE P RE &R
FRANDOH CTHEZITE o7z, BFRAO—KHREEICB T DI
ERVEMEICONWT, 2O EREEYLOEBEBNIBRMICK T 52y
Bfit— 2 bz i/MeT 52 &£ THIE IS (Yamasaki et al.,
2011), ZOFEFME—AL FPOZLIEIHIEBICL > TRHEI LD N
(Schipplein & Andriacchi, 1991), £ 4 72 H & AEFEHMEOFT TH L H k
N BRI W TIEFICRE < &l E O Kih /I & 2 25K
&N % (Hortobagyi, Mizelle, Beam, & DeVita, 2003), <D 7=, EH)
fEE A2 2 TV DB A R RG2S, BRIIC BT D KRBT — A v
FOFEEAEFHRALD b RESH R T EEZ BN D,

LonL, @M BT ERALD o< D LEMELER L
oo DFED, BHHE— A FERBELTWOIRRITIRLS, TokaE (F
RPOLHEAMHE— A FOREMBESME) M THKRLEZE Z A, BIHEH
MAEFEFE DT PREL o, FHiT—A2 FOZIIHEHIIC L -
TREINDTCO, MIEENICEE ST 2 P2 L X —HEEL )FH
THEENPLEMB LA, BHEHMATEZO T PRFERALD K
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Ehole, BITR EOHENEIZL > T, TDONFEHT RAF — ([ THTE
HOPRIZRLIRB oL F—LHHIBEARICHL EHLNZIESNTE
(Donelan, Kram, & Kuo, 2002), EE#IMZs B 1326 B3 0 @i{E%
Do VERIMRHIIET, NEMZ AL —HEEPNBRICRD L
WIRMES T, JeATHEZE Tld, @SN A T B O BT I R R 3 JEH)
EEOEEE EMEALEZLEEOMETHL T 5 Bowden et al.,
2010; Clark et al., 2010), 1BMEHIIN AT B IZ, SATRERYL S 230 8)
FHLEHEEFICL > TP D L LT EEZOLND,

2.4.2 EVEHIN AP B IC T DB E TOMEN D BRI FH
TR F—(REREOEK

WA, BEMMAETEFTICBT 20X 2 RNV —HE &
DEKIZHONT, BT & H D2 VITEEN P Z L ICHEET 2 2 & Tt
722 FE A B B 2T Ui, BB R OB BRI — A v b B — 7 1318
b 25 T BB O RRBEA D G MR RN LV b RE o le—T05, BEEET
O T RSB T 2 WL ERICO VD TIIHB TENEN>T-, 2
OEMpE LT, BHEMNMEFEE TR O FB~ONFHZ R LF
—ARENREHERF L. M D E B~ D I FEH T ROV X — R & & BN
SHETWEZ EDRHLNE R ST,

ek @Y BHBEEE— A b E— 7 fEOMRFNTE M A B
ERFERANDOB THREZTIE 7, B Z L ICHRIET 5 & BN
EHBE TII R & o 7o, B BAEIIC 380 T M M 25 P AR 3 oD R
DI PREFRANL D b RE < BEMS TIIARORERTH o7z, ME
PEEOBITEHMIEICOWT, EEHEFFEERIEEEHE— A FE—
JEIZ/NENZ ERHLMZENTWVWS(Kim & Eng, 2004), —J7. 7
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L LR 0 BEICB T 5 AT EE LRV, Lov L, ABFSE TG EE)
b 2 f 2 TV BB M A PR CREBEETE— X v P E— S VNS
o Torlx, BT T 2 RITF 2 3R Lz, 7272 L, BRBIfiE— X
Y ME—ZEPEERANLD S RE Do FITBRITICET 5 BT &
FIETH, ZOHEAL LT, WEHrSEBE~ONFHN XL —(RER
BAR &R BT E O RIS L D R BB — A v b O
BIfRD 2 SAEF BN D,

1 S HOME» B EBEA~DNFHNT L X —(REREHKIZOWVWT, i
A X2 EEEEOMAMAMEEZBET OLERND D, MATIZ L DE
BFEET, ETRLY RSB0 FRRMAR Z LN ORITHETH S
M2 > TU 5 (Cirstea & Levin, 2000; Levin, Kleim, & Wolf, 2009;
Willoughby & Anderson, 1984), BMEWIM A B (X, EBFEFN LY
B M ER 7 D K0 HE R EBEES~E R AT LT 2L X — (5
BEAMRESE, T72bb, ZOBRMEIENE XY b EB)REE DR
KRN TR XN T —(REEZ KEL T OMERRLEIEZ LN D,
ZIT, WAL EBEASONFHTRLF —EEREE RS0
AEMBEHEREEZ DN D, AR THITEBICERMA L )it
BEEOWHER, HEBHICHAET LI NP XL —HE BN RER
DIEETH D EFIFFIC, MEOENEZ R T HONbERSIND, =
DOYH LR D720, SEIXEICR T 2 EE T — A > b MR8 N
BENRELSRDENFNZ AN —RERIIRELSRD, TOTD, 18
PEHIIM 25 i B 1T K 0 B R E SR oA B EE RELTDH D
LT, ES D EBEASONFHERLX —(RER A K S CFRES
fEEAME LB DD, Eo, EBEMKAER RS TH WL B
MR CHEB L, BEEHPERENMGEE LTIRIES 2L TEDO N
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) X —mENRE MR CE T (K (1) K0 W3R L B o 8
EDOMBARABROBRIC AT —IZAOFHBERE 2 5; 12 &% 18 XA
—WRE DY — E AHEORH R TH D),

28 BT, R EETOALEOREIC LD RMEE-BEfSTE— 2 Fo
WHEBRIC OV TR D, BENLD 230 B{ER O R4 20 &% K
ELTDLESHHLMNEMIZOVTIE, BESOKERELZRZ LK
PEIEBAEE & T b [A4% T & % (Turcot, Armand, Fritschy, Hoffmeyer, &
Suva, 2012), WA K& S AMEH L HREREL 60%% 5D 5 KM EEL
BRI EE P OIS E DT 2 2 L T, MR EL AT 2B E— A~ b
BB L7, LW OITRERMA T TWD, AKIFZE TG [REE O i R
ELT-AREERN S 5, BEEEOHBEIZ L > TH 7 7 v—{b L L
RERENS . 2O XD e EBIfR ITEB R E N EAE TH H1F < MEA
T5HZ ENRBEINT,

LY
1 I — A
‘_8‘ 0.5 == m‘ﬂi;"IS
-z
& 0
) -0.5
E
-1 v !
\
1.5 s
0 1 2 3 3
t [sec] t [sec]

18. () fEERA L Ch) A= MEHIN 25 B O M2l — 5 ik A s
BE (AR . RERBERE 13 B BB i
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2.4.3 EMEHINN 2R TR BT IS0 D M R AH T o 42 3 5 T

BAZHER L, BN ATEE BT 2 NFH TR LT —HE RO
RIZHOWT, MEMAOBRIEZ ED 72, MEMAICIS VT, 12PN A E
F ORI IT 2 ) FRMEFEIIRE Do o B3 BE A A &3/ S
<V EEICHEBLZ2WRERBTEB SR S, RER 20N
BAITMEAICET 2 XmMBEXNFDE G HRES, ZORREFL
7o RELHIEBOJFIK & LT, YR 2 B E O 2 5 EBE)FREE O
BAENREZLND,

NALEB R BATEMED FATHIZE IS W T BYEHIIN A B H 1T T
JERRAL & 72D 2 L3 5 2 &4 T S (Kramers De Quervain, Simon,
Leurgans, Pease, & McAllister, 1996; Perry, Burnfield, & Cabico,
2010), *FFRAIIC, R B A O T BUI AL BB TENME P I RN & 7
% (Perry et al., 2010; Winter, 2009b), Z O#ELZHFISL & LT, HIK
B L D R = W BRI AES o0 B B O AL E S T A B ET D EICEE S A,
THREGE—XA v Paiflzbhd 2 &R3%1T 54 T % (Schieppati,
Hugon, Grasso, Nardone, & Galante, 1994; Winter, 2009b), L /L.
SN & LICHDITHEMT 2200 ABKRT T2 & K@ T iz e b
LEZRENLREDL LT o2, WEME L7 < 72 % (Schwab,
Lafage, Boyce, Skalli, & Farcy, 2006), AW TH, EH#EELZWZ D
I A P BE TIE TR Z e 2MB T 27D O DR EHTE .
R L THREBEEEDONFHIT R LF —EEENE LIZATRBERH 5,
)R E N e BT E B SR L & 5T RN R LR — R
B LIRS, ZOBRZ R T 5,27 L UAHSE Tld Fugl-Meyer
assessment # IV CEBEEZHRE L TWD, Z OFMHEZEIZ, 4 D
B i & B CIHEE) C & 7 < 7p D L AEB) FEEF T E A Z Y T TV S (Fugl
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Meyer et al., 1975), D% V. i BEH KA O O L FIHFIC & > T
RENCHFRIZRNVX —ZHE LIZAEELERTE R, ZOL R
WA AT ENEIC O W T o TR S8 THOR S L5 (Lamontagne,
Richards, & Malouin, 2000; Rosa, Marques, Demain, & Metcalf, 2014),
18P 31 0 AR Th BB LS 8 0T D i o0 AR M & 5 IR R IR LR <
WT N OEFHEENEZEL TWDLINRMENGIIARBHTHL, L,
FRIZArH B0 BIE O R E OEB ZAHIC BT, BN P EE O
NFRT X LF—HEEHREMHIGHEHRZMO THLMNI L, HIC
EEEEOFIEE & OBEMEE LN L2 IR OERZRETH
2o

ks, MR BN & kMBI IICEB I 2 AL ERIZ OV TIRE M
WM 2= R TN S WA & o T2 BB R E O BB TR,
HiER £ T[RRI e B ET & BRI OB BIR b AAE T D REMEDR D D, T2
2L, BEE:E TRz e A EOEEN RS EIKBEE TH o2t SIFEH T
FNX—AREONEFE T ORI EBELRICIED Z & AR, HEMETIX
LHEESAFEY L CTHET 2D RETH L, HICEDEE O MO FE L
B U7z ATREME & FEAN T & 7, AL & 202 U 72 o 1318 M ik 2 o
BEDOSLD ERVEEICI T 2B L OFEM R R EICHE £ D,

2.4.4 WFFERRR

ARIFGERE R B 1%, EFE L2 BE D 7 2R R D — 5 03 B @ & e
DEBALFFYEZ SR L TWD D h, & D W ITEE)FEEF I3 T 2 #iE R L
KL TV 2o ERam TE Ry, EEIEEOREREICSH D AMES -
EIEBIMAE T EE L ZOTERAPLETH D,

Flo, FIELEORKE LT, NFEHZXLX—DRBITKHT 2 ANED

T
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ET LD ERET N D, R THWZAIEY 7 7 VB
FLZ Y 7 EO— R ERET D70, B 2T 2 iR E b o Mz
FEE oW B N A LAy, HEDERTIIZOEREANIZL>TH
PPN FERLEER 22 S 528 (Ebrahimi et al., 2017; Robertson et
al., 2013; Siegel, Kepple, & Caldwell, 1996). = O FE 7 )W ALFR 21T AHF
FETIEH > TRV, 7272 L ARAFZE CITREEF A & 2 B3 & o
DERICEREZETTEBY, FERBENRES RO RVWRERH O &I %
Bl TEEEZExbND, ERRLD ., KBRICBT 5 FHtEFED
FAPRIL, FEMICERT 25— A M FER~MERT 477200 L7
Do THUTOWT, ABFETIHBEEIE— A b (BHEiEY Of, BB X
OCFEREICEDERDE—A M) ZHWTERBLTNDZ NG,
TN ENDORENIOWVWTE R TE 2, ZLEHEHE D IZEE £
— AU M aRAESELMEFBORBETONL WD, KX EX
IEENI BRI 2 =TI DT,
VUMD —EDOMZE S B O ERFIZONTIE, 4 & [RENE L

WZHELE T D,
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3E SMHIBMETEEICBITAMNL ENYEMERO NZH T RALX
— & BTGB DR

3.1 M=

2 W TIX, MBI BEZICB T 5L L) B{ERFO ) F )= ¢
N — L HIEE O/ ZHLMNC L, KETIE., MMM BE
(CRTDRE S L, BRI A TR & DN H BB Y
B {E~OEB) fEE O FE L HERMRZ MBS 5, 9. 3.2H ME
P oY ORI S ERAE) ©, SN AE T EREE R E T HEOH)
PERHUEE SR O FH I Z GYEIC OWTHRE Lef RE R T 2, GBI
BB ITIRR 2GR 2R 2 A3 DB E~BES 5 2 L ST
HY . ZRENTY =T 7 7 /VIZGHAIFTRE R BERR 2 F 72 I WV D B
o Te, WIT, 3.3 T TRMEHIINM 2R BE 21T D MERD BB ~D T
=R X —(REFEL L MEZEEOREK | TILAMESNzZE B O
L ERVEEZZRENTHB LB RZERT D, 22Tk, KT
OO L HRICB T D NP =R X — 2 EEYA L, O &N
R RN & R D nE R+, Zhick v, @Kz b BE N8
W25 /B ST R0 | R K D T BGE B R~ o #fi 15 B4R A3 e ST
LTWRNWEF I REIC DV THRGE Lz, fefhlc, 8.4 B [ 2k I 2=
BEICBT 2EER O T =214k TIE, HyrrFyr—Ls5ofHEz
MW TTIEEERAGMOTEE 2 E R L. ZAUA R RN & T 2<
HEBFH, Eo, BEREBE MR R s 0E R, ZRICEY, &
PEH I 25 B TR R K D N IOE B FEE ~ O M E RSN LT
&b, TREFEBHEOEE 2K T 22 & THBIEEZMEL TWD
AREMEIC DWW THEE L 7,

7|
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3.2 THMEE 3 OFH 2 Y PERRGE

3.2.1 M

ARIE T, MM ERREON S L3 0 @ShyEFHRICHE A 2 EMEE
Y OFHAIZ LI OWTHREET 2, 2 B MMM T EFICK T 2
B B D BERE O ) L X — L TSR E O F ) TRV ko
EEREAT IS E LB VT B SR A S R R L
—NEDRERR D0 ETRT, RETOMGE T/ SEE 2R, K
ERELAMEATA2EMGLED TRIET S22 & T, BHISH~NEERBSE
2o

3.2.2 ik
3.2.2.1 xf &

T4 DR @I B R E Lo, RBFEOWHBRE 1L, 2 7 M2 MK
P BRFICB T D H BN BIER O R T R X — LIRS O K
DHERE DO~ Th D, Fh. KE., FROVHME (FHERE) 1T2h
Zh 69 (2) . 64.5 (8.8) kg, 1.65 (0.04) m ThH-o7-, HRHFIL.
FIT 8 s D i 320 MBS £ (1 o 0 B4R U7, BRAMIEHEIX, 65 R 0K | @)
TE~SET DA - BRI - NRIREB 2T 248, BT
JNEL % R TR S 7 SR REIR T2 7 2 # & L7z,

ETOHFBRE I L, FHUZ DS N & CET R HZITV, HEE
TORBHRICABEE~OBEL XM, iz, FTBEBEICE T 2058 2

FEELZBROKRB2G%, Fi L7 KRRE 51 29502),
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3.2.2.2 it
BTOBRFIZUTIRT 2 FFEFCEL LRV EIEELITo72 (1)
e o s K OV H (NORMAL 4:1F) | (2) IR AT 455 (TILT S:1F),
2 M ERIT-OE., AESCEEIIRSE KEAMEL TrBLH |k
MBIZOTHD, ETOHRE T, BEIOHEOR, ThETDORMET
TH 3 RIS BV EMEL S Lz, £ AT FE e FICE 0% O
Hriz&E iz,
ETOWHREORBESE MK — Uiz, WBRE O RIS AMNIC T,
AN RN I DI LT, #ERE OMMARERAN K E 2> & TO°HI{E,
TREAKmEICK LA LEERNS 15°HIMEHTILIBEOEm I & L
oo MIERE BRITRE IS L CREOEBEEHFT DI LIERLE, £

7o, AT HREOSIALE S & IR ISR T 2 B nfEICERE LT,

3.2.2.3 FHHIHE R

RHIEERS & U C =R OCEMERRIT IS & S IBE v 2 Tz,

“ R TEENEMREHNT 4 121 Vicon (Vicon Motion Systems, Oxford,
UK) &Mz, RGBS W TR, 2 3 TMBEMIIMA T EBEICBS T 2
B BB EVERED T R X — EIEE O EREETH D,
RN IR E O F K 39 KR (AL ORI, %EEM, FigE, Ehist
il JSRAEAMAL, mATEsMA, RCE SRR ZEE ., R RREE. 2 hFEE
BH, AT AR, % B E . IR, BRBIERAMA, T RRAMAL, SRR
B2 P REEA, B L 7 SMERRZEE., ME . RRZSE. AR A
%010 MaMERRZERD) (CHRAMRICS ~ — I 20T L. 2% B P O JR A4 R
AAZIZEOVH 7Y 7L —F 100Hz THRE LI o g~—D
DENFRITT P XML LY a v~k LTz, RO ~—h D%
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AL #IE. Vicon motion system #3942 2 HRIKY 7 =5 1T
& % Plug-In Gait full body model D& 7= (“VICON,” 2019) (¥
3o ZOETMEI5IRE (81« sk - B L, ELADRE - T - K5 -
Fo-milE - b)) X oMEEkESN D, LT, BEE LA A S A

USEB) 3 2 AL R EAE 2 OV CRfiAEE RO DA A 7Bl T
7 BT OME (MBI & AL OB - BT - BB AHEE L,
BB, BRTOREICOWT, %Y 4 £ 7z SENARE O AL E %
VoL TCETMELT,

Bt i2iL, OE-WS0905 (Oisaka Electronics Device Ltd..
Hiroshima, dJapan) Z M7z, YZERIL. 3 @MYy A nxa—7
3 b N IE BEFE . 3 i HIRELSFH N DGR S D, A TE FLPR L. I00E AR A
16 G (16 x 9.80665 m/s2), ¥ ¥ A 1 X = —7 75 1500 °/s, HLEEKFEE2
8G (8%x9.80665m/s2) THD, TP DY A XX 40 x 30 x 20 mm T
HY, HEIZ30g THDH, FrUHTHE6 M (M E Bk, £H0
KEgE TR (B L2 (I 19), XV A YL ATEIEL, &
> 7Y 7 b— bk 100Hz T7F — % B4 L 7=, % D% . Oisaka Electronics
Device th DT 2 REHeET 7V 77— 3 > LP-WSAPO3 #f i L,
MEXTERERICB T 28 B oV OREEITIZ TG LT, ZOXRBHET 7
Vr—va v OFALTWDREBHET VT ) X LILEATHRICHER &
h T % (Madgwick, Harrison, & Vaidyanathan, 2011), 4% [ml#577 51 7
SEBEAE~DOERB IO v 7 EF N OERICITEERT Y 7 b
=7 MATLAB (MathWorks, Inc., Massachusetts, USA) ® % %
BTl T NEHEHLE,

B, O ENYEMEITRIREOEEBNIZTE AL TH Y | BT CK
Vil B o@EENT S ROTEIEMATEBEIC B W T LRI EN R E W E SR
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% (Bolink et al., 2016; Bolink, van Laarhoven, Lipperts, Heyligers, &
Grimm, 2012), Z D72, WO b RIRIE T — & O B LI O fig i
ZaE i,

1=\l
_’:"'_n = ‘
19. HEMETE > DRI (R B, B0 55 L)

3.2.24 N FH =X L F—DHE M

AT T, REIAELET TR EREONFH= R L F—bHH L
7o, MUEREORBMIZB T D2 FHT X — (Ey) 13, MEZRL
¥— (Ep) LHEBT L X— (Ey) ORI 5,

EM - Ep + EK (6)
EP = msghs (7)

T, my R YR R, glIE I hy & Ugld 2 R R
DOES EWHERE, & ST HEAEHICH T 2EET LAY OEMEE
— AP AEETHDL, KEOHEETLAESEET— A > MIAT
WFFEIZ il - 7= (Kodama & Watanabe, 2016),
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e, (6-8) ROEY, HFEMT XX —T 3k LEMICHIT IS
NVONENLHBESNDGANTETHD, Ll KB TIERIRAE
LK AEDO B ZITICE DT, £ D720, ARAFZETIEA B 2 KMk
W EDEBHOHRITZDHE Y « PaAfAr FEREL, NFEMNZF LT —%
FE L=,

3.2.2.5 R[] 0O L iR AT

BETCOFHT—21%, b ERVEEXKMBOLMME Lz, 3, =K
TEEMATEEE NS OF — 2 2R L CEERM Z FE Lz, BhiERL%
T TR o B A B AN E R AIIC A L 2 BR AR L 72 RE AR BIER TRV
T OBEEAHEEL 0 rad/s [T H L 72FF S & L7z (Hanawa et al.,
2017), 72, HEEA &1, FER t 1% L TR OB t+1 O A 3 K X
<7V ZHA 0.1 BRIMEGE L 72 ik Ml DRFR & Lo, B EICRF A 22 HH
PP DUV THRRATOI RISV BOE & BE B e i & S IS BiEB £ T oD AR &
fEARIZ 2 4y L7z (Anan et al., 2015; Hirschfeld, 1999), B % I a1
JEH &7 DB FTORKAITEELS DS ON 2R Lo RORERE LTHE
L7, 20k, Bt 07— %% MATLAB N peak detection
algorithm % W C =Rt EMEMATIEE DT — & LA L 1=,

BRI E L IFH T XL X — ORI #ARIZ oW T, BT Y U OfEE
FAEIFR % (Pearson’s correlation coefficient ; r) 35 & OV 8 F R
il7% (Root Mean Squared Error ; RMSE) 2 X » T, = RocEh{EMEHT
FELEEE PR TR L, HERMSAEICONTIE, TOE—2HE
% Bland—Altman #2750 95%15 X H % AV SR B EAFHT IS & & 18
e rH Tl L, B, 22 TOERBIE =R TEEMTIERE O
HAE 2 HEMEE o OB HE 2 A L7z,
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3.2.3 fER
3.2.3.1 i &

NORMAL & T Tix, = koo EEMfr 2 E S Bt Mo
RMSE FHJfE1% 4.71°TH Y (£ 5).r FHEIX 0.94 THh -7z (£ 6),
Bland-Altman 7’7 v b Tix, ZROCEMEMATER LB EE Yo%
RN ERERZED 2 FICE -7 (K 20), LaL, BEHc>» Tl e —
J A DN > TSR OERA R L7z (] 20), TILT &fFF
TOMERA SOV T, ZRTENMEREAT S E & BV > Y[ © RMSE
PIfEIL 20.63°TH Y (K 5). r FHEIZ 0.92 Th-7= (X 6), Bland-
Altman 712 » h TiX, NORMAL 4/ F CokpilaazEM, TILT &4 F
TIEEBRZEL 2 o7 (1 20), RERFINCIST D AET A FE 0o e i %
21 IZRT,

* 5. BAHif D RMSE

NORMAL TILT

Shank  Thigh  Pelvis  Thorax Thorax
Mean 2.13 3.73 200 11.00 20.53
SD 1.83 211 1.53 3.91 5.79

* 6. FHALED ¢

NORMAL TILT

Shank  Thigh  Pelvis  Thorax Thorax
Mean 0.95 0.98 0.94 0.92 0.92
SD 0.03 0.01 0.02 0.05 0.05
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20. B9HEi 4 = o Bland-Altman ' 2 v k
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“ NORMAL ——Rt.Shank “ TILT —g?:z;;k
. ——Rt.Thi wl (HEME 4 ——Rt.Thigh | |
wl (et ) —Lt.ShIagnhk 1 (HEtt > 3F) Lt.Shank
e —LtThigh ||~ ' wf ——Lt.Thigh
e, Pelvis i i
nr ——Thorax |7
| o
& &
ﬁ 20 | ﬁ_i =
ﬁ 40 1 ﬁ -
-60
£0 el
['] 10 0 30 40 t ED%] 60 70 80 90 00 t [nn]
' ' TILT ' ' '  —
% B — ; ——Rt.Shank |
NORMAL =~ (SRTEMIERATEE) |~ ReThign
of (R ICIhEREHT L) | w ——Lt.Shank| |
L= ——Lt.Thigh
° ——Pelvis
1| ® Thorax
% 0
i E_‘ -0
i & -t
[ 10 2;] :;Iu {Io 5:0 .'IU slu s:u u;u o o EIU 3I° 4:0 ki 30 80 100

4 et "

X 21. REBNZ I T D MAEHT 4 B o B[] il

3.2.3.2 W= KL ¥ —

NORMAL &4 F Tld, =RocEMEMRITIEE & B > [ 0 RMSE
FHIE L 0.002 J/weightN)TH VY (£ 7). r FHIHEIT 0.88 Th o7z
(% 8). TILT §:f F CTOMESFA IOV T, =R uEEMHTEE & 18
Vet v Y B> RMSE “F#1E 1L 0.019 J/weight(N) TH 0 (£ 7). r ‘F#H
£ 0.85 TH o7 (£ 8),
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= 7. IFH T F — D RMSE

NORMAL TILT

Shank  Thigh  Pelvis Thorax  Thorax

Mean  0.00005 0.00046 0.00127 0.00962 0.01919
SD 0.00006 0.00045 0.00125 0.00605 0.01663

* 8 NFEHTRNLF—Dr

NORMAL TILT
Shank  Thigh Pelvis Thorax Thorax

Mean 0.90 0.89 0.90 0.86 0.86
SD 0.06 0.07 0.07 0.07 0.18

3.2.4 &%2

i 20 % B < IRHT T = IROTENMEMATIEE & RER O CTHEM T I
KLV EH) Y - EEB)FREEEZ R AR TH D Z & A ARNIIE TIEH S )
Wz L7z,

r & RMSE Ofi#E 8, B I KV IREAEZEHARETH DL Z
L% Liz, NORMAL &850 2 sz < RF T, r 12 0.9 L ET
HY . RMSE (X 5°LLFTh oz, NFEHZXLF—IZO0T, HIEREE
IIEREAE LY BH 570, rid 0.86-0.90 OHEPHICINE > 72, ZNHD
il R g, B RN &t RAZ =R T ENEARAT 2 E & B Y [ TIEE
FOFE A D RAZE & BAIE L 7o bk & 22 B PERF 221238 7€ L 72 (Bolink et al., 2016;
Seel, Raisch, & Schauer, 2014), ABFFEIC L 2 HHAIERIL, 2D XD
REME T ORNERBENEBEICBWVD TCHLHEEZENTWD HE 5 NI
Lz eThb,
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—J7. NORMAL &2\ T, MM E e — 27 ENERT 5ICfE-
C R AR T OO i SR BERR 22 I R L7, 2 o e ilRRZEIE, TILT & F T

BERLAEL o7z, LML, r IZOWTIEMEMHETT 092 THY . 0.9
Pl bz Uic, 7206 Mgk B o ke dl i3 = ROoTE T 2 &
CEMEE Y CTHARICRE TR TH 72, T b OERIT, EHiEt W
DAL E Db D EFR D, MEIT. 2 < OHERD 5 L 72 2 A
DIEEDRHTH D, ZIRTEMEMITEE T, WO LH 22 0.0
MAEEEZLTCRERNT 2, ZOBKMFIRIZLL TO@EY Th 5 (“VICON,”
2019), 9. RNRZEE &5 10 MaHERRZSE O P RALEN S BHF T L

7T HHEBR IS O P RALE S EFEA T F A OE 1 (z #h) L9
Do WIT, 2 (y@h) 13, 55 7 FHEBZLE & 55 10 Mkl 22 oo ke
MBS HE PO ERMRE DO PR E~ LALLM E T 5, HIZ

93 (x#h) X, flh 2 WOy MR OAIC IV BN S5,
BB, BB OND xEiFEIC~Y— D ERGE T ~EBB LA E LT
MEROFSZERT D, — ., BT 0L D 2B TIAZ B
ERV, AT, BEEC Y ERSORBEH L RIB L) #
PEAC BT U722y 2V BE AL 0 | FHER o« it & 13- 5 7= 0

SR ERAT IS E LV bIREIC R o B BN D, EDD, 1B
T A RN U b Eih T 2o i 42 2 &0 EET
YL CRElmE S RE OEE YT —Z 2 R L2 HEE TR
EEETDLDIENMLETHDEEZZXD,

ARG THEEM U 72 E M o IR IRGHRI L — F VB S I ZIA D 5
o, EBEEEZRZ-EREON D LR EEEZRIT S E TR L
T 2,
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3.3  AMHIMNMEZETRERFICBT MBI L EE~DHFHT L X —
RIEMRL LM EEROER

3.3.1 M=

ARIE T, BHEHMAEPEFONLD BNV EEICB W TRED b F R
~DONFR T XN X —(RENRBDUMIR T T2 02T 5,2 HIE
PN 2 PRSI 26 BNV EERE O HFR = XL — & BTG E)
ORI T, BIE D OB~ D T = RV X — R0 038 M Ak
EHBRETHHERSNTRBY , BB~ONHNT 3L X —(mERSEK
Licle, I L5 TROEBEE ~OMERRERBFET 5 2 & AR
SN, RETITELEBEES~OMERRPHEYLL TWRNEZEXDH
N2 BPEHI A B IO W T RERIT K D T IBOE BN E ~ oo 1l B4R
PAFAET 2 D RGE L T2,

3.3.2 Jik
3.3.2.1 %54

3A DRI ZE P RE L 34 DFRANEHRE L, HBRE TS
THHEThHoT, HBREORARBEZER 1177, 2K zZETEE O
¥ (B 22) FRAEZBIMIL, 8.2 (4.2) HTh o7z, SMEWIMMzE A
F OO ABILAE T FIEINEEZE & 2 W I (], FE® 1 20 H LA
DREF], FHFOEEBESTZ AT LEH, MR 2V H B @i
ATREZRIES & U7, BRAMEEHEIZ, WA LUAMIC B E A~ B 5 it
By - BIEAF2H) - ARRIR B 2 A3 D AEF]. 528 T IE 2 B AR N #7258
HHEREIR T2 A 2R & LTz,

ETOHBREIZK L, FHZE PN RELE XETHoREHEZITV., HEE
TORBRICRAEE~OEL G, £z, FHEREIZ I 50858 f B
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FEELZBROKRBEG%, F L7 KRRE 51 29502),

# 9. #ERE O A E M

f i RN AR 2R R
i (%) 2450 ( 260 ) 7450 ( 8.60 )
& (cm) 1.74 ( 0.03 ) 1.70 ( 0.02 )
hE (kg) 60.83 ( 6.79 ) 66.00 ( 3.46 )

3.3.2.2 A

ETOERENDENLDONL ENVEHEEZIT 72, K OHE D%,
EEED VD ER-> TSV EABEERLT3RITHEM L 72, &
AT EEE T I Z DR OBITIZE O T,

ETOWRE OBMEREH — Uiz, $5E Om LRI T,
AL RN K DI Uiz, #ERE OWAHICERAN R 2> & 25°RTE, 1
THEARE X L FA LZERD 250 T2 L) B0Om S i L
Too MES & FBITIREICH L TEREDODLEE LRI L L2~ LI, F
To. KMTHREONAI RS Z R ICB I 2 B lICRE Lz, B0®ES
TR < BAMESH ki — LB IZ, ROFFEO BRI h B E o B
FHEERONIT LI ETHY, HBREDIERIRIC X 5L PR
HeHTH L, FHllE., ZIROTEMEMATIEE 1 X 2 @ R O B R Rg
¥ GEuEfmzE) BAMA I, M3l 4.08 (5.90) °. H#% 4.33 (6.57) °,
KER 27.67 (2.73) °, THR26.74 (3.16) °Tho7=, LiowEbv , 2tk
AP B OBRMBES LR L L5 LA, WEBIZ OV CidE
BEEIC L - CHREE 7=, EME I L 2 A NEE B o B
Pty (BRYE(R 7)) BIET A BT, M2l 10.09 (4.49) °, /& 1.78 (2.59) °
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ThHhole, BBRIZOW TR BEFERARSRKmICH L CEEIZLTNS T2,
Lo, BERBICOWTIEEEF ALY LEMEL TV,

3.3.2.3 FHl

EEFT — X ORFGOZOI, AR TITEEE P 2 Huiz, At
ZECHERH LB o ofkRIL, 3.2 I TEMEE O FHZ 2 Mk
AE) LAk, L% S OE-WS0905 (Oisaka Electronics Device Ltd.,
Hiroshima, dJapan) Th 5, HBEZ¥anid. 3y v A v X a—7 3 il
IR EEGE, 3 HhHIBE QG 2 DR S D, SRERM X, I EFHAS 16
G (16 x9.80665 m/s2), ¥ ¥ A v X2 —77 1500 °/s, XG2S 8 G

(8 x 9.80665 m/s2) ThH 2D, T H DY A X% 40 x 30 x 20 mm TH
D, EEIL30g ThHhD, U HITHME 6 HIA (W& B, EHDOK
B & THE) (SRR L7 (X 22), B HIEIVA T LATHERAEL, Y
7Y 7 b—k100Hz T7 —Z G L7=, £ D%, Oisaka Electronics
Device fL DT 52 XEHET 7V r— 2 - LP-WSAP03 Z#fi L |
M AR RICB T 28 o P ORETHEZIG L, ZORIHET 7
Vor—va OMMLTWLEBHEET VY X LIIEATHIRIZHER S
N T % (Madgwick et al., 2011), 45 [FHR1T 81 7> B 45 (R 6 £ FE ~ D 28
BLOV 77 v OERICITEMEMST Y 7 b7 =7 MATLAB

(MathWorks Inc.. Massachusetts, USA) OB A Z LT 07T Lk
M L7,

BEH BN DWW THE ZRTE BT S E b [ IS L. BHR L 72,
ARWFFE TR L7 Z IR TEMEMAT G E O fLERIT, 3.2 TH MEMEE YO
a2 S PERRAE ) & [RAR. Vicon (Vicon Motion Systems Inc., Oxford.
UK) Th o, “FEaTHRRFHIZ L7 BRI, B & ofBRELZ KR

62



AET D72 Th D, FHFE TR O 39 A (L4 ORITEEES. $#IH
. B, RREsMEL BRI ATBESMA, RUE R 58 (2N
e, O 2 P RFE. LRTGERR, & LA R, KBRS BE E A

TRRSMAL, SRR BB 2 R EA. BE L T SHMERRISE . M. AR
9. ATE R, 5B 10 MHERRZE ) SRR~ — I 2B L. 21
R ORI A ZI2L V7Y 7 L— b 100Hz THRE Lz, &
BNTE~— A OEMERITT X AL LY a gk LT, RIMR

=i
S

Bt~ — B OZAL 5 #HIX. Vicon motion system fE2NR AL 2 4 B [l
Vo2 EF A Th 5 Plug-In Gait full body model 5| v 7=
(“VICON,” 2019) (X 3), Z®DET /% 15 IKH (8 - M5k - B &,
AR « THE - KB - F - §ifi - EB) Zolkansd, 2L T, 4
MR AR T 2 2 REIC DWW T, BEE Lo A A (e LI E) 3

LN RTEEAZ MO CRASAEEZRD D4 A4 T —1EICHI - T 7 HEHio
A (BEBE & e OB - BB - 2B zHH L, k. &
TOREIZONT, 4B £ 7= CEMEH QI ImALE L Y > 7 5
ERHRILTET ML LT, £, 2 TORMEEIXAEEEER ETo 3 KL
TbL3HBMEDEHATAEL TR L

BTOFHT =213, b ERVEREXE O Uiz, BERAIX
NI O B E A R BE DN R RIS AL A B An L 7o B BERS TRV
OB AEEN 0 rad/s TR L 72K & L 7= (Hanawa et al.,
2017), 72¥. EMEICH A 2B FRIAEIC O W T, BEB R LT, KRR
e 7 8 30 B AN e OIS AL 2 BRAA L7 e & L CRIE LT, BRSSO
EFMDATE & 70 5 O1F, SESIIN 2 T B E OFHNZ 3 TRE N IR X

NEtEHERTE o0 RN, RO ERE F W ATHFE S F1E
7% (Anan, Ibara, Kito, & Shinkoda, 2012),
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R, B RN ORI ERAA EE A . —IROTENMEMEAT I E &R M T )
Tl L7z, Pearson OFERMEMGE O VEE GEHERA) 1. KK
0.94 (0.12). Ai%HTE 0.34 (0.46). /K1 0.23 (0.36) TH o7, £ D
e, UBEOMTICIIRIRE T —Z OB ZEZdlc, Z ORERITEITHE
TH AL TH U (Bolink et al., 2016, 2012), .5 E23 0 B fEIX KR O
EENT & A E TR C/K Vi b o @SN =R ouEEMAT EE IC B
THEHFRENRE WV E SN D,

22. B Y OAATERAL (BPEBIR2eh s, BV S5 L)

3.3.2.4 /1) )L F —

AT T, REIAEZ T T2 (6-8) RUTHI» THIEE O N FH~
FAX—LEM U, U AR OSBREICE T D FHEHT XL F— (Ey)
. fEZRNVX— (Ep) CEE= R LI — (Ey) IZHMLEHLTE,
BHEIOE &P ONESCIENEE — A > MIEITHSEICH] - 72 (Kodama &
Watanabe, 2016),
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ZIT, ARIZBIT A NFHZRNLF—HHOMESITIZONTHER
Do 2 B BMEMIIKNA R BEICEIT 25 L2330 BERO IR = R L
F— LGB O] TlE, DFENMESEREEE O M E L HIEENIEE
TONFHT XL —HEEORIEL L THWE, it EREILX )
FHZRILX—PRIOBE~ELTEEE LTERINDID, TOHEMH
FETMEIAERT 2 EEMONETH D ((3-5) ), BEIL~ LT
ExHE, v ORI SE LREEBSIZEAETHY . BEHEFOHE
DICERT 2 (BEFiETE—A 0 M) OREALEICR D, BT —
AV RORERMICE, RICERT 2 KK & KT, @A) & 0 67 B i
~EEB TR LN TWS FB ) FPEHERLE LD, KRED LI
IR % 3 L 22 WIS 3R SR 220, L LR = XL F — I,
WD BT R LXF— L EB TR LF—OfME L THERTE D ((6°8)
L) MBET RN —LEHT XX —OHEHBRICITNEE D EENE
EFNT KEHOEDHAFR CENERLATRETH L, —REET &L,
REIIC I 1T DAL = RV ¥ — & @B = 1L % — DNVRETE & 0 o W E
B AREHERETOHE Y ORESEERICONTHENTEY, EE L1 THE
ERERR TH D, 2 = MBEBIMATEREICI T 235 1050 BifER
DIFHT XN F— L HIEBORE O X HIc, B2 £ HIEBNIC
BhEd 2 DR X —HEEL, S 2 £ < 2 KEMo %
=R X —(RERLEHEREHTE R,

Z T, AETIEHEHZ X2 HIEENICEET L PR 2L X —(5
EEAFRIAET 572010, FEHNT 3 — B OB IS LR E = R
X — LEE T R VX — DSy & Blo 7= (Latash & Zatsiorsky, 2015),
TR ED EAOICHE @mIEMITE o TAE U E T R L F— bR
EE T R X =B LICERE L TWD 0 (IIEENC X 2R R D) %
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ZRC B W THRAEATRE TH D, ZHid, 2 EREREEEE Tom s £D
FEAENE S 2D AR L D, WHTHFET 5,

3.3.2.5 fiE T

E9. L ERVBEDO - IRAIEEA BT Lz, BARRIZIZ. BITER
M, Bt E CoME e FRALRNETHD, ZNOORELZHE N L2
Hi%, NFHN=R VX —ICEET 272D TH D,

WIZ, EEFE NFHT LT =IOV TLL T OREZHEH LT,

(1) Ep-Ex_thoraxt MIZFIC I 1T 2 BEME: £ CTONLE = 3L ¥ —Z 4k & EH)
TR VX — AL D Sy

(2) Ex_petvis' ‘BHEICIH T DB £ COEB) = %L ¥ —Lfb &,

(8) Ttnorax_pelvis: FER & B85 A E OB £ T Pearson O FE ¥ AHE
FRE

ZHHDORBEIZHOWT, M THIGDEN ¢ BEZIT -7z, A EKYE
T p=0.01¢& L7,

AWFETIE, MRS 5 (S BALE T R F—7
HEH =X L X —~DE{LEHEFE L& COMEEHIEES S SO TH
PG ESH T XX —2HHT 5 2 LT, A F 72 < 2 KEIR T
DHFH T RN X —RERLBENICHRIE L2, £, ZOHFHTX
NF—mEaEL, 2 B MEMEHKAEDRE ISR 5325 L2 8RO
NFHT XN X — L HIEBOFE] Tilk_72@by , Uiz £72< 2
RET O fIEE R R 25 (F RN TRRET S ((4) ), 207k
. M EE & B A AL O BE R BB IC D W C Pearson OFESRA RS 2 R
M9 22 LT 2KEMONFEHT RN X —(REDFEZ KL LT,

B, fLET R X — L EB T R L — (CHEETHRT S5 LTIE
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BUEL LT, (o L — OB AT T ERE O K ETE &P OMEN S
ENTEY, EFEDOTDICHETHRT M BMFET S, Ll K
WFFEIIE = R L F— L HB T R L X — L DESFICER L TWDHT2D,
M/NT A =2 L HREDOHRTHRLE,

3.3.3 iR

—fREI T A — F OFERAF 10 (TR, B YRR IR AN A
FOHFBPEFRANLY LEN-72 (p<0.001), MIERA LN &I DOWVT,
PN ATEREO T PEFRALD b REN-o72 (p <0.001), HHE
AN BIL, B CABEENEN -,

NFEH XX =BT HIEEOR R E R 11 (TR T . Ep-Er thorax
XEEWIIN AT EZ DT DEFERANELD b REN->72 (p <0.001), *F
REIZ . Bk petvis \ZRMEBIM AR BEO T PREFRALY b/ ho T

(p <0.001),

23 [IHFEDONRKRBNCI T 2 B E ONE = R X — DR dh#R T
o, MEEHBROHR, (LET R X — ORI 2 BN TR TR LT

(K 24), ARHFFEOE ST RIS D 72w, BERRE S % 0 B VERE ]
D 50% L LTERELL THD (BUFFAR) . SR Ac B | A
EHALE T XL X — (TR CRIRMEZ R L7z, ¥, Mo fLE
AN F XM AT EFETEO REDSTZDIZK L, BEOMET
IR TBEHM AT BE TV /NS ol Tk, BREEICE
FHMEGEDN, MEFEETEIVRIMEL TV TH D,

25 [THFEDONRKRBNCI T 2 B HEH OES) = R /L X — DR [E R T
b, MEREFBOA, EH)= R/ X — DR f 2 BN TR LT

(4 26), #Ed#ho MR, SPEWIN A B TIXEFERAD 10 50 1
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ThD,

27 FIHEFEONRRGNCB T 25 EEH O A EEDORFHMMRTH D, M
HEFROH, AEEORFH MR EZTHEAFEHTRLE (K 28), B K

ANTIEgER & B ORI AR L TnDd, —J7, SEBE T EE

TIXZOREMENRINL TWD,

£ 10. RGN T A —F DR

BE& AR SN A T A

EHERERD (B) © 3.29 ( 0.83 ) 6.11 (  0.15 )
Mosnfzehr g () © 8851 ( 6.97 )  87.86 ( 27.45 )
RN E (°) 2238 (1 0.04 ) 2795 ( 6.40 )

*p < 0.001

F 11. HFHZ R L F— 12220 T DR R

(AT TN SN A T B
E, Ex thorax (J/Kg) 022 (  011) 081 ( 0.21)
Ex peivis (J/Kg) 0.05 (  0.01) 0002 ( 0.002)
I'thorax_pelvis 095 ( 004) 030 ( 0.37)

*p < 0.001
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3.3.4 H%2

F9. BN REEON S ER D EMEICR O T, RER S B~
DINFH TRV X —REEDD L TWDE &2 ARPFRICL - TH L2
(2 L7z, B B30 EEME O KRt T2 B EINIR Y F O X D ITR R
Do LU, EFHATHMET R/LF — L EHE T 3L X — [ TFLH I
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Nhnot-, ¥bb, EHICHE O E B, WEE & 0
BAEEE Lo, ZOREMEIL, i
STHlebEInNdEEZLLND, —FH. EEHONKEITEROES L E

T & D BEAS 5 D ULHE 12 &

EEBOEBH TRV —~HRT 25, 2O NFHT R LF —(RiERIT,
B AZ EL ML BROARENRM T L L TRRNERD, A
i 25 P R b RN AR . (LB T R L — [ TEE kL - A
I pinode, £ LT, RMEBIMNAE T EE ITEE A LV b kD
WLz, BT, SN REOERICKIT 2 EEHT X LF—Z{LD
EEEITEEFERA DO+ O —FREZ o7, b OERO T, Eiy
I & B SR 3 B RS B A IR L e o 7o i b 72 b ST
EEZ D, AMEIMAETEFICB W TER L TWE & B A E o
FIHAPEDS, ZDOBRE BT D,

WIZ, AR EF LBV TN R L X — O EN L 0 D
LTWERIZELT 2, SMEBINAE T BE OGRS T 5 ML X
DREME L TWiz/o, BRI OALE = 1L — L B E 1 o #) = R L %
— DM FE DT L ARMENH D, EET OEE)F 21T Tl < BRI L S
L HFHTZ XN X —OREBIZEGE L TEY ., Wb MzEFIZ X 5 EH)
fEEICHKT L EEZOLND, L L, Mz EEOERICK T

EE) = ) VXA AR BT D ERATE (b b, MR
LT R LF—OHA) EIFICHERT 20 TIE RNV &bl T 5,
BHAGREIC T D EINL B = R L X — DN A M B E TE VW /&S o

%

T2 EIEE AL BEBCE TOMENALE = R — Mk L EE) T R L — A
DEFITEAVEHM AP EETI Y RE oz, kD@ | Mzl & Fik
ARERPMEOREN ZNIC—HEBEL TWEBEAbNS, MAT,
SO BNV EMEICR T 2 EER NI RN AT EE TR D R o T,
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AEMBRREN>72L LTS+ 720l CHlEs) L7221 FU/3ES) = %
LE—ZELNRY ((8) X, M 28 bBM), AMEHIMA T BREITD -
KD ENEDL ERolclcd, ERALY bEEH = R LF =23 P LT
rtEEZOND,

BB, BN BEICRB T A N EN =RV —(REEL L O
FHT XL FX—DORENFD LIZEHEERIZOWTERD, B0 EE) =
ANF—ITEEO L0 —LLTEN, BULEHEMENGE ST 55T

J2 N 17E4E T % (Shum, Crosbie, & Lee, 2009), = O Ze{THF%E TiL, 5
N &R BE 2L T D, BEERANICEBT 2% 5= L ¥
— AL &2 0.13 J/Weight(kg) 72 > = D o %k L, BE R TIX 0.17
J/Weight(kg) 72 - 7=, M B E L MBI, IKBIEIOEBIC0E 5 B %
NS 2 72 D (2 BEAY 5 15 B & B9 & 4 5 (Coghlin & McFadyen, 1994),
0.04J/Weight(kg) & 5 o BRI AT, AHIEEIEINCBE T 5 /7R — %L
F—HEEHMEZ TLTWDL EEXOLND, TODH, KR THIES
iz 0.048J/Weight(kg) & 5 o BEME S . FEATHIRRERERIR LA E 0=
EHRABND, B, MAETEE TED B0 EERO PR L ¥
—IZ DWW THRAE L TV D B THFZEIEAFAE L2 WS, BTEMEIC DV T
FFAET 2. T OHATHIZE T = RTEMEM T E 2 v Tl i &
BEF RN DO N FEH =X L X —HEBEDOEEZFH L, 0.08J/Weight(kg) T
Hotl, TL T, ZONFMTF LT —HEBEORITHITHERT &
FIBIL TRV, EHEIMEFREOHIT I ANEY T —va it oTH
FH TR X TEERBIESHERL TS, Ll ZOFEDMKAE
FEZITEEM TH 2 RICEE I NIV, SPEIIN A f B (3 8 R
IC & o THRITEMERN IR EE /e = & A%\, ARSI TEIEIC D D
ERVBHEIZONT, HICEEHMOMAEFEFICBNT, WFEHZ RV
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X —(RENRLERDORWMD AW LN LA TEETH D, AW,
AT IR 7 B R A 40 2 T BRI AR TP R IC B T 2 E R R AEE &
LTS ERVEMERO HFER =XV =AML s Lz,
2Ty AT TH O TV 2 BIEFHIIERRITIE & A &2 =R ou B EMAT
EETHDH, AR THWZIESEE I, FHHIZE/f ok S I2HIRE
FTHEFTRETH D, TDD, SMEMERE O X 5 2583 I H R #
KETHEIPTED, NSRRIV =y 7 TOFT AT MEFIZHEBET
— X xRt

L2xL, RAFFRITITDW LS O FEMRFIRA S 5, 30 AL TR
T L7k RBEOF ML, SRR EE LY 8, Sl fko T
RN R A DMBEIZH L7720, @ EE Tho TH A & ITRR
HIEF TG A L D AHEMEIE S D, Lo L, BRI AE 4 3T & E A
THGGE L 72T R A ST 2 L. Find & mins CHEEIIMFEL T
W 72 Uy (TIkeda, Schenkman, Riley, & Hodge, 1991; Pai, Naughton,
Chang, & Rogers, 1994), ERAJIC AL O 5 REE T H 2 EHilnH O BIE
RERD M CREHE(R 22) 1% 3.18 (0.40) B7223. Z I SEfTarseic ki)
Dt D 2.13 (0.36) IV bW, EATHETMEIC LD EENR
HEN7Dix, BEEE%Z DT A —% Th H(Paietal., 1994), TD 7,
COERITHEERE CICIEEZEELSE LAV EEZ LD, B, &g O
B ERDEMEZEMEE Y TR L R 2R G R [ElnE & Sk
W2 b B O ) FE RO BB ) 1R LTe, mikna & 2 N 25 v R
BTEMBE LGS L, B & QMM AE P RE 2 LR L285E L T,
BEEDGELIENFEHN AT A =X FH—ThoT,

il FiE EOHIRE LT, A7t G & Lo aEBNE R EF L. B
SVLTED ERVEMERRECH o7z, 4%IF. K0 HIEFILR L 7232
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HLERVEELE O TRIEDLETH D,

Mz, 2 % MMM BHE BT 55 B0 BHERD )51
TRV F— L FIEE ORI & BT 5 72 DI X FHRIBE R O AHiE DS 5T
BRI 72 D, BT CTHWZ ZWROTEIEMATEE & 1XR 20 | AR TITIE
MY a vz, 3.2 1 NMEME® O FH 2 Y PERGE ] ORGER F X
D, BIERE O E— 7 EIC oW TR SR TEIEMATEE g oY &
ORI CRENGET D, MEZRLFX— O HRITITERETE &P O E
MEFENTEY . FHABEREH O K0 BRI E = kL X —3H RO %
BPEIZE DD, Lo L, ARAF5E CTIIEME T o OFHE Rkt 3 2 ik
AT 7o 70, ZTHiE, AT EEE N & BN 2 B R T o
FRATA—FOERBICEREYTTEY, BT FLF— ORI
EERLRNolcledThH D, MEAENRKE WSS Z OFRZEITEE®R
ZThY ., HIZEEE P RIOREPB/NIRD EF R EEAT 2,
ZDlH, BT Y T ORI AT B TR A AR LY K&
MolcEOMBITEINT, o TMNETR/ILF—LEHT R/LF—
DEDSHEREDPSTLEZEZOND, TDD, MBI OBREIL, A4
BT DEREBI LI EEZLND,

AKGwm X O —#EDOMIEIZ—E LIFIERFIC OV TIX, 4 & TR
2 ICFL#ET D,

o
5

bR

3.4 MMM EEICKIT 2EMEMOH YT -2k

3.4.1 M

KETIE, TP —E&F 0 HEEZ W TR R H o7& E) bt 4 E
L, TP RAN L BMEBMA T B, £, BERER T
SRR D0 %RT, 2 & MEMBIMATEREICKIT DD B30 #hfE
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Bf D )= RV — L HIEE O R TR, BB AE T EREONLD
ER0EVEDRERE: £ TIZBIT 2 R E LT, FTHROESRESE 2K
BECHE L b D MR L, £, MEMICEBNTIE—FH 33H [&
PEHIIN 26 H A IS 1 2 ¥R 0s & B~ D I FH) = XLV X —[RERE
FMEEEOESL] T, AMEHIMATEE T ORI X D TEIES
[EE~DOMERRAHEL L TRV EEZH LN LI AETIIHEIZ,
VPRI I A T BB (TR T K D T IROE B R ~ o #fAE BIAR 28 Bl L LTy
< ey TRALRIBREOEB ZMHK T 5 Z & THBIES ZME L T
% ATREMEIC D W TRREE L 7=,

3.4.2 Jiik
3.4.2.1 %}

4 4 DOR/MEHWATERE & 4 W ORERAZIR L Uiz, #RE DL
KIEMEEZ R 12 (TR T, MMM AR ER OR Y A BT, ¥)E] K
Ed D VITMMMmAE], FAER 2 MW ORER, - OEHEEZFT D
SEGB] A B A VT2 b B2 0 BERS ATRe 2 e & U 7o, RO R HE IS,
i 25 o DUSMIC B E~ BT 2 iR 21 - BB R 20 - NRIER B A2
T OREE], FEERTNE A PR IR AR R A R IR T A A T D IER & LTz,

EEEEOTIEEIC L > TR E T EE 2z 7 71— LTz,
TE B 5% O B E E (X Brunnstrom recovery stage FEA 72 M, 1
M2 REHEE (n=1), 32704 KETEE (n=2), 5706 RELBIE (n
=1) & L7z(Brunnstrom, 1966), 7c¥, 2 % HMEVEWIM <P EF T T
HIH ER D EBEREO ) FER T XX — L HIEE O] THW
Fugl-Meyer assessment lower extremity T (% 7% < Brunnstrom
recovery stage & H W\ 7 # i (X, Fugl-Meyer assessment lower
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extremity 7% X ¥ QEEY 72254 T LW A ME O H B & & e 5 A S
DB PETIIAT A2 WVEHEE B & FA7E L. SPES O BRIR T3R5
DI2HOTHD,

ETOMREICK L, FHUIENDEE CETHRAEHZITV., HE
TORBRICFAEE~ODEL EfFT, £l HUBKEIIZ 31T 2 W 78 fi 2

FEELZBROKRBG%, Fi L7 KRE 51 29502),

£ 12. ERE OREARME

N A R AP IN
i () 62.25 (11.03) 26 (2.31)
PERI (et 1531) 1/3 0/4
FEIEL M (H) 7 (2.31)
Brunnstrom stage (I /IV /V) 1/2/1

3.4.2.2 {

E2TOHREITET HELTO 6 Fia~0% RENHEREZIT > 72,
BARE 2 X, BRI OB Edl - R, 2E&HYE -
JEE, B BEE AL & ORI R - R TH D,

ZOW%, ETOWHRENBLD LBV BEEZITo 72, BIAESIT, W
FHOWAAIKBR R & FATIC R D K oB0mI 2t Lz, ok, A4F
FHTIIEBROLRBLROMEZHEL TRV, £/, FTVOEMB
Moo le, ZHd, ABFZEDHERE [ OB R EE TR <
BRENIZB T 2IEROHIEBHUMEICERD Lo THL, &2TO
EREIZx L TRV S ERN > TS 7EE W) EHERL, b ERDY
IEZBEEEITS Lo ATz, LoL, EESMHMA T BFTIILD |
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MO EMEZ 1E LERITTERN T2, FWBREBELE L THEITTE

72 1 EORITIC OV T LS D ENTICEG DT,

3.4.2.3 Gt HUBK AR

HIEEER & LT, KmMEXE (Oisaka Electronics Device Ltd..
Hiroshima, dJapan) ZffiH L7, £ EREOFHIAGIZOW T,
RN A, B N AR R VR R 7 A R AR, KR B
MR, KIRER., SMULFG ., AiE . BEEMANMEE, v 7 A ) &

. BB AN L7z, BB O EANEMALIZ OV T, EMES: - 4
FECBET 53 —nr v SO &ETES (BIOMED 1) I LV LS,
FHEAHEXIC XL D OIHRENFE (Surface Electromyography for the
Non-Invasive Assessment of Muscles: SENTAM) X¥EICiE-~7-, ik
P @RITY 7Y 7 L— |k 1000Hz Titsk, 7V F b LSy 2~
gk L7z

3.4.2.4 fR ¥y

FHHEXT — % OB T ATHSEICH] - 72 (Hanawa et al., 2017),
. BEHCTEHEEBE TS Z L TERE P e EIch b, T 0%,
BEIC L DBMOBENSCEEEMOREBERET HI-0IC, Y%T —4
EAROMFT AR LN KRR RE —T — 27 4 L% —(20-500Hz)
iz, ZoOT7T =22 L, BIZ4ROMMHET LR L —/3% -
NHE—T — AT A )& — (10 Hz) (2752 & THEEib L7z,
FHEORAEHEXT — 2L, vy —2ET 270 A
EATHNIR iz L (e Y—Ii2 oW i 1.4 H [IEH 2 EE
NEEZORF] ZZROZ L), ZOFiET, ZEBHEKT —2 (M)
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BTV =D 2 WSS D, T OMRSIEEREKS (W, f T
—RNOBHEEEL) . b o — IS (H, £ 2F Y— okH

W) ThDH,
M =WH (9)
B, TP EETERFERE S TH DN, Ll LA HlckoT

S RDESIBREGATHD, FFAMITHIR -z, We H
FIHFAMEICHWRLI-Z-ET, ME W-HE D 2 FEIEBED(M, W -H)H & /Mt
THEO% WE HOMEERDDWRN TN TY XALTH D, fMb
TRE AT R s h, RELODOMBEEIX. (11).
Q2)ickIn b,

DM, W -H) =Y ./(M —Y WH)?2 (10)
WTWH =WT™M (11)
HHTWT = HMT (12)

22T, WL WoORRELTY (AT 2 ViR L71TH]) Th
0. [RERIC HT & MTIZENZEN HE MOEREITIITH 5, ISR L
LTIy Aalizhzonz wizsl, QDX%E HizoWT#iE, 550
e HEHWTA)A NS WEREMNT 22 a0 IRL, WE HM»P K
k&b, 2O, 707 K25 27 WOEIZ X - Tk o R TfiE»
BloTLEILD, AFETIE 100 BT XA WEHEX, &b
D(M|W -H)H e /IME U 7= il % 7z,

T 28 v YV — iz o Tk, BfTHFZEICHl - T(Clark et al.,
20105 Ting, 2010), 43 W D RAE I REE VAF (variability accounted for)
wIAEL LT,

VAF =1 - (EMG, — EMG,)?/EMG,? (13)

22T, EMGolZA ) P NT =2 ONREMETHY . EMGriif v
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VL ZDOEMIA I TOBICEY BRI T — X OMEETH
Do TNHD2FEFREN, £V UFINT—XD 2 FHIZEDDHEE %K
Dz, 1O06 TOIZHEELTHYFY—%2HMH L, ZREniz >N T
VAF %% M, 240 90%LL L&D, vV —HEHEHPLLTH 5%
FOWIRVWREOH T —HEEHRA LT,

M L2 WREOBRET L Oy TP —Ic o0 T, WBRH BEEE
BRFET Dm0 7 T 2 2T (Ward 1) %217 - 7=,

fRAT I IX B E AT 7 b7 = 7 MATLAB (MathWorks Inc. .
Massachusetts, USA) OHAZ L7 v/ T AEEH L,

3.4.2.5 HLEFFHY LR

T ABZRNICBTLDHY TV —0FUMEERIET D720, 7T AFN
DAY TV — DM BAA DI 2T Uncentered Pearson # B f## £ &
H i L7-(Hanawa et al., 2017), FHEI4R% 0.7 DL EZ MOFERE, 0.4 20 5
0.69 ZHEE OB, 0.39 LN Z 55 HB & L 7z (Streiner & Norman,

2014),

3.4.3 iR

HEEBEERE LA ERE . R TOWEBRE D 6 J7 15 RAMEULHE R
AR LT, BHEBRE L. 6 FmEREINMREEL 4 >OfivF v —T
ERRLTc, 77 AZBTORK, YTV —3FH—7 7 AZICEEN
= (¥ 29), BHEM AR EZE DS B 14103 6 1A% REIUHERE O 9

L 1M UDERTERnolz, K L2 FmiE, BREEEM NS O
MRS MEG M TH D, T DR, REGp & KRB BB, BISE 5 2 Ry
TR TOBmPREICE N0, Sy T o=k 1 2 o7,

%
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ZOMHTFT I B OHEERE TS TWD 7 7222 £ (K
20 ik FEBEDZ T 2A%), K 29 O 7 7 AXNHBEREO Vi (A
fMz2) 1%, & EBe23 0.93 (0.04), E22H 2B H2Y 0.91 (0.05), 3 EtH
25 0.86 (0.11), #x FEB7%0.86 (0.08) 7Z-7z,
BTOHRENLS ER O BEICHKT) Lz, BEEEBREESRE LSO
WERE T, YT U—I1x3 o o7 (M 30), HEiEESEEBE T
VYR 200, TDO20DY YD) H 1 DT KERE K
B8 9. ATISE B ARV 2T O RIREICIGHE L. 6 J7 Mm% RIMEIL
MErRH & FIAR D ZEMI B oy & 70 o 7o, F 7o, W5 BE s o) [R5 B A 13 ke
ANREES DD Y =N SR, 9B 1 DIFERM SRR |
A T O RBAFIEEN 23 TH R L KER “HHMTEEN S K& 2vo 7o, BJEE
P d B v T — 08, ZERIECY & bR RN & RIERTE o T,

UL EDZEBR S DR RENG TEE - BiEEBREEREOH TV

—IFEE RN EREEREERE o F 22 IThHs T (K
30, kb 2BEHDZ TAK), ZDU T AXNHEBBREOFELE (HE
HEFE) 12 0.84 (0.05) 7207z, 728, ZH & xtind 2 A & BRIE
EEEEREIIN 30 L6 3BEEOZ IAXTHY, 77 AKX NIHHE
R OFEIE (FEHERZE) 12 0.92 (0.06) 72o7-, TOMOBEREE TIZ
EET LMY T V=13, BTOHBRE TR —27 72 F 2k LTz (K 30
R EBEBLIORTEDY 7 24%), 77 A% NHEBEREOFHHE (%R
7)1, EBEO 7 Z 253 0.86 (0.10), &% FE2% 0.83 (0.10) 7Z-
776
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MO Time(%s) 100 [ ] —- ‘
‘ij Temporal structure -'-_l"__l_l 5 |

1
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)
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WOBEWEICBT AWy FY—s 524, (EF) 75
ZemEE ., (£ L) FpffE o £, TA : FifgE
. SOL: &t 7 Af, GAS : WEMER NMIEE, VL @ SMUA .
RF : KERE ;. BFL : KER SR8, GM : KEH

3.4.4 H%%

RIFFEFER D, EEEDEFEFONLD BNV BIEICRT 2 ZEH
VFU=BHLMNI R oTe, 2. ZOREH Y — 0 —EHILRREM
THRBUCELT B Z R L NIRRTz,

F9, BEEHREFERET T, MRECBTLIH YT —0HEN T
FRANE O Dlenodc, 2L T, ZOUHHYFTY—D9H 1 20%, Wik
TZEMBEENEL L TV, 2o OfS R, HEEEREEBRENEE
PR CHBICHBLIEREH T V2B L TV L E2RET S,
fMzErp RFE O S BN Y BIEIC O W THRAE L2 B/THFE T, 2o X H
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REE YT Y —I3FEE L TR (Yang et al., 2017), LxL., Z DOFfF
FEITIEME OB L EFB EEFELRFEOLIIZRIZL TV D, RUFFEILEMES O
HEEHEEEREEITED TRIELEZZ EC HERMmA Rt T,
HEEBHEFREICBITLDREH ST V—I1L, SMTEETORITHZED

FNHE EHEELL Tu B (Allen, Kautz, & Neptune, 2013; Bowden et al.,

W, RERERNLH T V=B EL T & T x, EEEE R
EHRFIL 6 FMERMENMEREN O S ERVEETH > — 0N
2OIHML TV, ZLT, 2900HBYFP—n5b 1 9l%, ok
FOHTFTV—ER—7 T AZICEHEENT (K 30, xR TBEOY T2 4),
ZORERIEF. BT Y —OREERFNELEZ IR L TS, ZOXo0R
e TV —OERIT, EBEIZB T D EAKFREIT S D708 5 A HE
PN H D (Nudo, Plautz, & Frost, 2001), 452, EEE I I1T 5 2L
FEIES B HIT & B4 72 72 ¥ (Swayne, Rothwell, Ward, & Greenwood,
2008), AW TIHEMBMETEEDO Y NEY T —v a3 VITHERNR
T Rz RE LB XD,

BRI, PTEEEBREERETONDS EXVEETIE, MEMRICBITS
RBR ZBRAFIE B O TR & | xERAY e RSB o k2 8lg2 L7z (K 30,
Ens 2BAD 7 T A %), FEREIHEREIZIB W T, M 5 I3 EFH A &
BFULLEHY T Y= 7 A2 C@ENTe, TORD, #6635 B3
DEMEICKI L T v Y — 2Bk E e AbND, LML, ZOF
ek, EHERA EITERR DRG~DETE T, MBERMIZE T 5 KB
SHAG OTE BN L, B & BB o I H B9 5 72 » (Roebroeck,
Doorenbosch, Harlaar, Jacobs, & Lankhorst, 1994), H7 45 B 15 &) & 5= R
B, FIEAR R O 59t 2 KR —BTEENIC L RE LR & 5,
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e —i3, TR ROENDREBZET & T, EHRE
(IR T 2 B R OBBBIMEEZEZO TE Y RER IR THERT V&
EE R D, A, AT T H R S LTV 5 (Bizzi & Cheung, 2013;
Tresch & Jarc, 2009), BI{EZ ER T DHT2ODZ DL I RFHTFV—D
BT, IMEOREICHE > TESRT HWREELNH D, BREFH LT V—%
T 57200, WU REHRIENLETHH D,

LU, RBFRICIEFIENRRA N H 0 | EEREO R R RITIX
SRTERV, KUFZEIIHEWATE Tld e <. MR BEDOREH T
—DEBFIEIC L > TED LS ICZALT D20 MEEL TV, X T,
Brunnstrom recovery stage |Z X D #EEEEDO X NE—TH, £ D
ey —%R2THA0ERHLT-D,. LV EZEMN~ORENDMLETH
2o
KL DO =DM IR —H L7 RRFICHON TR, 4 & T
] ACRHT D,

o
5

bR

%

PN
7~

i
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4E RENBE

A ST B L ORI AT EFEOSLS LR EEICEKIT 57
LIRS E I S S L, EEREEIC XA E AN BIEDO R E R L
fERAFRIZIE » 72,

2 T TIX, MBI AT REICBIT D E B0 BIERED S F = %
VX — L HIEB OB 2B LT Lin, $RICHERR  To SR &
LT, (1) MELSBBAAONFHT R LY —BEDEOMF L, (2)
MIEED B BHE~D N FH RN X —(RZEERE R EZ BT, ZOERMEAD
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ABSTRACT

Background: Physiological evidence suggests that the nervous
system controls motion by using a low-dimensional synergy
organization for muscle activation. Because the muscle activation
produces joint torques, kinetic changes accompanying aging can be
related to changes in muscle synergies.

Objectives: We explored the effects of aging on muscle synergies
underlying sit-to-stand tasks, and examined their relationships with
kinetic characteristics.

Methods: Four younger and three older adults performed the sit-to-
stand task at two speeds. Subsequently, we extracted the muscle
synergies used to perform these tasks. Hierarchical cluster analysis
was used to classify these synergies. We also calculated kinetic
variables to compare the groups.

Results: Three independent muscle synergies generally appeared in
each subject. The spatial structure of these synergies was similar
across age groups. The change in motion speed affected only the
temporal structure of these synergies. However, subject-specific
muscle synergies and kinetic variables existed.

Conclusions: Our results suggest common muscle synergies
underlying the sit-to-stand task in both young and elderly adults.
People may actively change only the temporal structure of each
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muscle synergy. The precise subject-specific structuring of each
muscle synergy may incorporate knowledge of the musculoskeletal

kinetics.

1. Introduction

Standing from a seated position is crucial for human
activities because standing upright on one’s feet is a vital
prerequisite for bipedal walking. The sit-to-stand ability is acquired
before walking in the developmental process of humans (Avery et al.,
2003). Because our entire body participates in the sit-to-stand task,
kinetic coordination is required (Schenkman et al., 1990).
Additionally, because we require a large amount of energy to
perform the sit-to-stand task (Hortobagyi et al., 2003), multi-muscle
coordination is vital.

Regarding this multi-muscle coordination, "muscle synergy"
exists as one of the neural control hypotheses (Bernstein, 1996).
Muscle synergy is a functional unit; a higher neural center is
assumed to unite muscles into groups and then use one parameter
per group to modify activation levels of all muscles within the group
in parallel. Each muscle synergy can be regarded as a low-level
feedforward controller producing joint torques that can be related to
global biomechanical and/or kinetic variables (d’Avella et al., 2003;
Torres-Oviedo and Ting, 2010). Technological advances have allowed
us to identify the linear combination of a small number of muscle
synergies underlying natural behaviors. However, no studies have
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verified the muscle synergy underlying the sit-to-stand task at
different speeds in elderly subjects. In the elderly, both nerve and
muscle tissue degenerate. Due to this degeneration, it becomes
difficult for the elderly to perform the sit-to-stand task quickly.
Therefore, some kinetic variables of sit-to-stand tasks differ
depending on age or speed (Hanke et al., 1995; Pai et al., 1994;
Vander Linden et al., 1994). Such kinetic changes accompanying
aging or speed can be related to changes in muscle synergies.

The purpose of this study was to provide basic knowledge on
muscle coordination underlying the sit-to-stand task by examining

the relationships between biomechanics and muscle synergies.

2. Methods
2.1. Subjects

Seven male subjects participated in this experiment. Four
younger subjects were recruited from physical therapy students at
Saitama Prefectural University. Three older subjects were recruited
from the local community. In this study, we decided the number of
subjects based on previous studies that conducted similar
experiments to measure body kinematics (Pai and Rogers, 1990),
and muscle synergies during sit-to-stand tasks (An et al., 2013a,
2013b). Individuals with a history of myocardial infarction, stroke,
fracture, or symptomatic arthritis of the lower extremity were

excluded from this study. We explained the experiments in detail
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and obtained written consent from all subjects. Table 1 presents

characteristics of the subject groups.

2.2. Procedure

The starting position was standardized, with the subjects
seated in a chair without a back or armrests. Subjects started with
their trunk in a vertical position and hands on their chests, keeping
their hands in this position throughout the movement. The seat
height corresponded to each subject’s knee height, determined as the
distance from the knee joint to the ground. Each subject performed
the sit-to-stand task under the following two conditions: (1) rising at
one’s natural speed; (2) rising “as fast as possible.” Each subject was
given a few practice trials to familiarize themselves with the
commands and the study’s protocol. Five trials were then recorded
for each of the conditions, with the order of the conditions being

randomized.

2.8. Data collection

Surface electromyography (EMG) data from seven targeted
muscles in the left leg were collected at 1000 Hz by a commercial
EMG system (Noraxon USA, Scottsdale, AZ, USA). The seven
muscles were the tibialis anterior (TA), soleus (SO), medial
gastrocnemius (MG), vastus lateralis (VL), rectus femoris (RF),
semitendinosus (ST), and gluteus maximus (GM). Each skin site was
cleaned with alcohol prior to electrode placement. A camera motion
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capture system (Vicon Motion Systems, Oxford, UK) was used to
determine the spatial location of body segments, and to calculate the
body’s center of mass (CoM) during the task. Thirty-five passive
retroreflective markers were placed over bony landmarks according
to the plug-in-gait model implemented in the camera motion capture
system (bilaterally on the 2nd MTP head, heel, ankle, knee, thigh,
anterior superior iliac crest, posterior superior iliac crest, shoulder,
upper arm, elbow, radial and ulna wrist, 2nd finger, forehead, and
posterior head; single markers were placed on jugular notch, inferior
sternum, C7, T10, and right scapula). Data were sampled at a rate
of 100 Hz. Two force platforms (Kistler Instrumente AG, Winterthur,
Switzerland) were also employed. One platform was located beneath
the stool and the other beneath the subject’s feet. These were used
to measure the time at which each subject lost contact with the
stool. Data were sampled at a rate of 1000 Hz.

All data were synchronized using Vicon Workstation v4.5
software and saved to disk for offline analysis. Data were analyzed
using R 3.0.2 (The R Foundation for Statistical Computing, Vienna,

Austria) software.

2.4. Data processing
Muscle activation signals were band-pass filtered (20-500
Hz) with a zero-lag fourth-order Butterworth filter, demeaned,

rectified, and then smoothed with a zero-lag fourth-order low-pass
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(10 Hz) Butterworth filter. Spatial location of body segments and the
ground reaction forces were low-pass filtered at 20 Hz.

To compare the different trials of the subjects, we normalized
the movement based on each movement time as 100%. The sit-to-
stand task phases were divided as follows (An et al., 2013b;
Schenkman et al., 1990): Phase 1 (the flexion momentum phase)
began with the first shoulder movement in the horizontal direction;
Phase 2 (the momentum transfer phase) began at contact loss with
the stool; Phase 3 (the extension phase) began when the shank
segment tilted forward to the maximum; and Phase 4 (the posture
stabilization phase) began when the vertical shoulder position
achieved its maximum height. The duration of Phase 4 was
determined by extending the time series an additional 20% of the
duration of Phases 1 to 3.

To apply the non-negative matrix factorization method,
subject-specific EMG data matrices were generated for each speed
condition. EMG data from all trials were concatenated rather than
averaged to create data matrices that were 7 (number of muscles) X
5 (number of trials) X 100 (number of data points in one trial) in size
for each participant. To allow for comparison between subjects, we
normalized the EMG data for each subject to maximum muscle EMG
activity for a given muscle across all trials, such that the data
ranged from O to 1. Before extraction, each muscle was normalized

to unit variance such that each muscle’s variability was equally
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weighted in the extraction. This normalization was removed after

extraction (Sawers et al., 2015).

2.56. Non-negative matrix factorization

A non-negative matrix factorization was applied to each
data matrix to extract muscle synergies (An et al., 2013b; Dominici
et al., 2011; Lee and Seung, 1999). This decomposed the EMG data
matrices (M) into two components, spatial structure (W) and
temporal structure (C). Spatial structure is defined as muscle
synergy, and it denotes the relative activity ratio of multiple
muscles. Temporal structure is defined as the weighting signal,
which denotes the activation profiles of each muscle synergy. This is
expressed as the following equation:
M=WC

Figure 1 shows the actual M, W, and C in a representative
subject.

To determine the number of muscle synergies needed to
account for the recorded EMG data at each speed condition, we first
extracted synergies 1-7. The preciseness of the fit of the data
reconstruction for each muscle synergy was then quantified by the
variance accounted for (VAF). The VAF describes how much of the
variability in the original EMG data is accounted for by the EMG
reconstructed from the muscle synergies and their weighting signals
(Zar, 1999). To help ensure consistency in selecting the number of
muscle synergies embedded within the EMG data sets, we calculated
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the 95% confidence interval (CI) for the VAF of the reconstructed
EMG at each synergy number (1-7). This was accomplished by
implementing a bootstrapping procedure where the EMG data sets
were resampled 500 times with replacement, and the VAF of the
reconstructed EMG was recalculated after each resampling. Ninety-
five percent Cls were then constructed from the bootstrapped VAF
values at each synergy number, and the number of synergies was
selected as the minimum number of synergies at which the lower
bound of the 95% CI exceeded 90% VAF (Cheung et al., 2009; Sawers

et al., 2015).

2.6. Cluster analysis

In this study, hierarchical cluster analysis (Ward’s method)
was used to classify extracted muscle synergies based on the spatial
structure similarities of each muscle synergy. To calculate their

similarity, the cosine of two synergies was used (An et al., 2013b).

2.7. Statistics of kinetic variables

We calculated the kinetic variables that were found to be
different between age groups or speed conditions (Hanke et al.,
1995; Pai et al., 1994; Vander Linden et al., 1994). The following
three variables were of primary concern: (1) total duration; (2)
relative position between the CoM and heel at the time of seat-off
(Bcomrneer, Figure 2); and (3) maximum CoM momentum in the
vertical direction.
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A mixed design consisting of two-way (group X speed)
analyses of variance (ANOVAs) for repeated measures was used to
test for differences in kinetic variables. Statistical significance was
accepted at p < 0.05. This was done to verify whether the kinetic
variables in the subject groups behaved similarly to the ones found
in previous studies. This was also done to verify whether the kinetic
difference between groups was related to the difference in muscle

synergies.

3. Results
3.1. Determining the number of muscle synergies

In most subjects, three muscle synergies were typically
required to reconstruct unilateral lower extremity muscle activation
during the sit-to-stand task at each speed condition (the lower
bound of the 95% CI for the VAF ranged from 90-94). However, one
subject met the criteria in two muscle synergies under the fast
condition. (lower bound of the 95% CI for the VAF was 91; see Figure

3)

3.2. Characteristics of temporal structure

We named the muscle synergies Sur, Skxt, and Spos at every
speed for each subject according to their temporal structure peak
timings (Figure 4). Sur was activated the most at the start time of
phase 2 (the momentum transfer phase). Sz was mainly activated
during phase 3 (the extension phase). At last, activation of Sp,s was
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mainly seen in phase 4 (the posture stabilization phase). In subjects
with two muscle synergies, only Syrand Sp.s were observed.

The change in speed affects the temporal structure. The
activity of Sy7tended to be prolonged under fast conditions (Figure

4).

3.3. Characteristics of spatial structure within each cluster

Figure 5 shows the cosine value between two muscle
synergies (spatial structure) for all possible combinations of
synergies and the dendrogram obtained from the hierarchical cluster
analysis. The hierarchical cluster analysis revealed three major
clusters that were responsible for the characterization of the three
subject-specific muscle synergies (i.e., the Sz, Skxt, and Spos
clusters). The following mean + standard deviation (SD) cosine
values were measured in each cluster: Syrcluster: 0.82 £ 0.10; Sgxs
cluster: 0.74 £ 0.15; Spos cluster: 0.89 £ 0.06. Sgxs and Spros in a small
number of subjects were included in the same cluster.

Figure 6 shows the spatial structure of muscle synergies in
each cluster. In the Syrcluster, TA was mostly activated, followed by
RF and VL. In the Sy cluster, thigh and buttock muscles (VL, RF,
ST, and GM) were co-activated. In the Spos cluster, SOL and MG

were mainly activated.

3.4. Characteristics of kinetic variables
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In this study, some of the kinetic variables differed between
age groups and/or speed conditions, as seen in previous studies
(Hanke et al., 1995; Pai et al., 1994; Vander Linden et al., 1994).

The total duration of the sit-to-stand task was significantly
different at different speed conditions (main effect: F(1,5) = 20.05, P
< 0.01; interaction: F(1,5) = 0.39, P> 0.05).

The Ocom-neer was significantly different at different speed
conditions (main effect: F(1,5) = 22.08, P< 0.01; interaction: F(1,5) =
0.00, P> 0.05).

The maximum vertical momentum of the CoM was
significantly different at different speed conditions (main effect:
F(1,5) = 18.76, P< 0.01; interaction: F(1,5) = 0.19, P> 0.05) and
between age groups (main effect: F(1,5) = 9.60, P< 0.05).

Table 2 presents a summary of the kinetic variables.

3.5. Subject-specific muscle synergies and kinetic variables

The hierarchical cluster analysis did not reveal clusters
dependent on age groups or speed conditions. However, observing
the spatial structure of muscle synergies in more detail, some
groups of subjects had specific muscle energies.

One young subject had two muscle synergies under the fast
condition (Fig 3). In the Su7 of this subject, whole muscles excluding
the SOL were co-activated (Fig 7A). This subject also had specific

kinetic variables. This subject had faster movement time, the
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smallest Bcorr-neer, and the largest maximum vertical momentum of
the CoM (Fig 70).

Two subjects included Spos in the Skx: cluster under the
comfortable condition (Fig 5). One was a young subject and the other
was elderly. In Sp,s of these subjects, ST and GM were more
activated than in other subjects (Fig 7B). These subjects were also
had specific kinetic variables. These subjects had a larger Gcorr-neer
and smaller maximum vertical momentum of the CoM (Fig 7C). This
result is in contrast to the results of the subject with two muscle

synergies.

4. Discussion
4.1. Common muscle synergies underlying sit—to-stand tasks

Our results support a common, low-dimensional synergy
organization of multi-muscle coordination underlying the sit-to-
stand task in both young and elderly adults. Three independent
muscle synergies generally accounted for inter-trial variability in
muscle activation across different speed conditions in each subject.
Moreover, from the results of hierarchical cluster analysis, the
spatial structure of these muscle synergies was similar across age
groups and speed conditions (Fig 5).

The novelty of this study is to clarify muscle synergies when
elderly adults perform the sit-to-stand task at different speeds. An
et al. have examined muscle synergies when elderly adults perform
the sit-to-stand task (An et al., 2013a). The most notable
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discrepancy in the data is that they have identified five muscle
synergies, whereas we identified three. This can be accounted for by
the fact that we constrained the starting posture and motion speed.
In addition, we normalized muscle activation based on the maximum
value of each motion. After their study, An et al. analyzed sit-to-
stand muscle synergies with different chair heights and motion
speeds in young adults (An et al., 2013b). In the second study, they
normalized muscle activity, and the extracted muscle synergies were

similar to our results.

4.2. Speed-dependent change in temporal structure and kinetic
variables

The change in motion speed affects the temporal structure.
The faster a subject’s motion, the later the Smt activation profiles
occur (Fig 4). This result is consistent with a previous study (An et
al., 2013b). Subjects may actively change the temporal structure of
each muscle synergy to achieve the different sit-to-stand task
speeds.

In kinetic variables, the speed-dependent change in these
variables may be closely related to mechanical constraints on the
control of balance (Pai et al., 1994). In order to quickly perform the
sit-to-stand task, subjects began seat-off with their CoM positioned
farther behind than under the comfortable condition. Subjects may
still be able to assume upright stance provided that the horizontal
velocity of the CoM 1is directed towards the base of support.
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Similarly, subjects increased the maximum vertical momentum of
the CoM and lifted their CoM upward earlier.

On the other hand, in Sut, the TA dorsiflexes the ankle joint
and contributes to the forward movement of the CoM (An et al.,
2015; Pai and Rogers, 1991). Additionally, the RF and VL extend the
knee joint and contribute to the upward movement of the CoM (An
et al., 2015; Pai and Rogers, 1991). Because the subjects prolonged
the activity of Smrt, they could move their CoM forward and upward

even after the seat-off under the fast condition.

4.3. Subject-specific muscle synergies and relationships to kinetic
variables

Unlike the hypotheses described initially, muscle synergies
did not change with age. However, some subjects had specific muscle
synergies. These subjects also had specific kinetic variables.
Therefore, the precise structuring of each muscle synergy may
incorporate knowledge of both the musculoskeletal dynamics and
other biomechanical properties of the limb.

One subject had two muscle synergies. The Sy7rin this
subject appears as if the Syrand Skx: of the other subjects were
combined (Fig 7A). This subject had a faster movement time, the
smallest Gcorr-neer, and largest maximum vertical momentum of the
CoM. Even when other subjects performed the sit-to-stand task

under fast conditions, the activities of Syrtended to be prolonged.
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The activities of Syrin this subject were further prolonged and may
have been synchronized with the activities of Sgx:.

Two subjects included Spos in the Skx: cluster. The Spys in
these subjects appears as if the Sgx: and Spos of the other subjects
were combined. During Sp,s in these subjects, the activity of the ST
and GM were high. In contrast to the subject with two muscle
synergies, these subjects had a larger Ocom-neer and smaller maximum
vertical momentum of the CoM (Figure 7D). This suggests that the
CoM was carried forward while the CoM velocity in the upward
direction was small. Pulling their thighs and upper body from the
backside during the stabilization phase was required. This is
consistent with the roles of the ST and GM found during the sit-to-

stand tasks in a previous study (Roebroeck et al., 1994).

4.4. Future works

We cannot conclude that neurally-based muscle synergies are
the only structures that can give rise to muscle couplings observed
in this experiment; feedback-related activities arising from limb
biomechanics, for example, could lead to an observed coupling
(Kutch and Valero-Cuevas, 2012). Furthermore, monosynaptic
stretch reflex clearly contributes to the activity of each individual
muscle (Goulart and Valls-Solé, 2001). However, we could describe
multi-muscle coordination briefly when an elderly subject performs

the sit-to-stand task.
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Because various factors are affected by aging, future studies with
larger, representative sample sizes are warranted to systematically
investigate the relationship between neuromuscular degeneration
and sit-to-stand performance. This will identify the key
determinants and best predictors of muscle coordination
Impairment.

It should be noted that none of the present sample of elderly
adults reported a history of falling, nor were there any incidences of
loss of balance during any of the trials. Thus, it is likely that these
older subjects preserved the basic structure of muscle synergies
underlying the sit-to-stand task. From the result of this study, the
specificity of kinetic variables dependent on age or speed leads to
the change in precise structuring of muscle synergies. Elderly adults
with disabilities may have different muscle synergies from healthy
elderly adults. Further studies which seek to identify possible
differences in muscle synergies between elderly adult fallers versus

non-fallers are planned.
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Table. 1

Age(years)* Height(m)** Mass(kg)**

Group
Mean + SD Mean £ SD Mean + SD
young (n =4) 225+1.2 1.70£0.01 69.75 + 3.09
Elderly (n =3) 720+£2.0 1.65+£0.04 54.77+7.19

Comparison between groups: *p < 0.001, **p > 0.065.
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Table. 2

Comfortable Fast
young elderly young elderly
Total duration (sec)* 20 + 03 17 £ 03 12 + 02 11 = 01
0 com-heet ™ 52 + 16 49 = 25 39 £+ 22 35 £ 19
Maximum vertical
430+ 58 371 + 59 68.7 + 119 490 * 64

Momentum (kg- m/sec)*‘T

Comparison across different speeds: *p < 0.01

Comparison between two groups- p < 0.05
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Figure Captions

Figure 1

The actual EMG data matrix (M), spatial structure (W), and
temporal structure (C) in a representative subject. Sur, Sgxs, and
Spros are the muscle synergies. These details are described in the
results. The dotted line overwritten in the original EMG data matrix

1s the EMG data reconstructed from Wand C.

Figure 2
Description of Gconrr-reer. Ocorr-neer expressed as the tilting angle of
CoM with respect to the vertical line extending from the heel. The

variable values are positive in the direction of the arrow.

Figure 3

The number of muscle synergies selected accounted for > 90% of the
overall variability accounted for (VAF) as depicted by the plots from
an example subject. Left: a typical example in which three synergies
were extracted. Right: a single example in which two synergies were

extracted.

Figure 4

A comparison of the temporal structure of each muscle synergy
between speed conditions. The thick lines are the average value of
all subjects under each speed condition. The comfortable speed
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condition is indicated by solid lines and the fast speed condition is
indicated by a broken line. The surrounding shaded areas are the

SD value of each time point.

Figure 5

Similarities between two muscle synergies for all possible
combinations of synergies. The panel color at (k, k’)-grid represents
the cosine value between k-th and k’-th synergies. The synergies
were rearranged as a dendrogram representing the similarity of a
pair of two synergies. The left bar shows the distribution of Swur,
Skxt, and Spos; the thick bar indicates Sy7 the thin bar indicates

Sexts and the dotted bar indicates Spos.

Figure 6

Spatial structure of muscle synergies in each cluster. Each muscle
indicates the average value in the cluster, with the error bar
representing its standard deviation. To make activity more visible,
highly active muscles (whose standard deviation was greater than
the mean) are represented by filled bars with a solid border, whereas

other muscles are represented by open bars with a dashed border.

Figure 7

Examples of specific muscle synergies and kinetic variables. A: two
muscle synergies extracted from a young subject under fast
conditions. B! Sp,s included in the Sgx: cluster. Activity levels of two
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types of muscle synergy (i.e. extracted from two subjects both under
comfortable conditions) are displayed in each muscle, and these are
arranged in descending order. C: Scatter plot of kinetic variables.
The subject who extracted only two muscle synergies was plotted
with squares, and the subjects with Sp,s included in the Sgx cluster

were plotted with circles and triangles.
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Figure. 4
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Figure. 5
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Figure. 6
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Figure. 7
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Abstract

The purpose of this study was to demonstrate the usefulness of a small inertia sensor for quantitative classification of
movement disorders based on the change in mechanical energy in patients following a stroke. We measured the sit-to-stan
motion in acute stroke patients using inertial sensors in a small clinic. Three acute stroke patients and three healthy adull
performed the sit -to-stand paradigm. The three -dimensional angle in the global coordinate system of the inertial sensor
attached to the participant’s body was then calculated. The movements of healthy adults were measured using inertial
sensors and a camera motion capture systemsimultaneously, and only sagittal plane angles were used for the analysis, whi
were similar in the two devices. Subsequently, link segment models were created, and the mechanical work until seat -o1
was calculated. In stroke patients, the thoracic potential energy was not converted to kinetic energy, anddeceleration of th
thorax was greater in stroke patients than in healthy adults. Furthermore, the mean pelvic kinetic energy in stroke patient
was approximately one tenth of that in healthy adults. In healthy adults, the waveforms of the angular velocities of the
thorax and pelvis were synchronized. Such synchronization was not observed in the waveformsof stroke patients. A reaso
for the low pelvic kinetic energy in stroke patients is the fact that deceleration of the thorax by lumbar muscles does nc
lead to acceleration of the pelvis. The lack of synchronization of thoracic and pelvic angular velocities reduced the energ
transfer efficiency. The usefulness of a small inertial sensor was demonstrated based on the evaluation of  energy chang
efficiency during the sit-to-stand motion performed by an individual following a stroke.

Keywords: inertia sensor; motion analysis; mechanical energy; stroke
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1. Introduction

Movement disorder caused by a stroke is the leading
reason for nursing care [1]. Quantitative classification of
this movement disorder is strongly demanded by the
society. Therapists often use observational evaluation for
the diagnosis of stroke patients[2]. However, it is difficult
to quantify movement disorder just by observing the
patient. Furthermore, only observing movement does not
reveal the disorder of the kinetic parameter causing the
resultant movement.

Researchers often evaluate the motion of healthy adults
using a camera motion capture system  [3, 4]. Such
motion-measuring devices are often expensive and
require a large measuring space. A small inertial sensor is
a motion-measuring device that can be used regardless of
the measurement space. The development of small inertial
sensors is extensive . Many studies have verified the
measurement accuracy of inertial sensors by comparing
with a camera motion capture system[5, 6]. However, few
previous studies measured the motion of severe acute
stroke patients using inertial sensors in clinics.

In daily motion, sit -to-stand is important as a habitual
action prior to walking. One of the reasons fopeople with
disabilities not able to stand up by themselves is the
existence of the instantaneous joint moment[7]. The joint
moment reaches its maximum value immediately after
seat-off [4]. Therefore, the sit-to-stand motion often fails
with sit -back at seat -off [8]. Previous studiesha ve
revealed that the pelvic movement suppl ies mechanical
energy to assist this joint moment [9]. We hypothesized
that lack of  this mechanical energ y largely reflect s
movement disorders caused by stroke.

In this study, we measured the sit -to-stand motion in
acute stroke patientsusing inertial sensors in a small clinic
The purpose of this study was to demonstrate the
usefulness of small inertial sensors for quantitative
classification of movement disorders by clarifying how
the mechanical energy is changed by stroke.

2. Methods

2.1 Subjects

This study evaluated three acute stroke patients with
hemiparesis and three healthy adults. All patients were
male. The mean (standard deviation) time at which these
patients were studied after the stroke was 8.2 (4.2) days.
Other patient characteristics are listed inTable 1. The data
are expressed as mean (standard deviation). The inclusion
criteria were as follows : (1) first ischemic/hemorrha gic
stroke, (2) unilateral weakness , and (3) <2 weeks post -
stroke. The exclusion criteria were as follows: (1) other
neurological or orthopedic conditions (2) major cognitive
deficits as assessed by standard tests , and (3) sitting
balance or trunk stability deficits.
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Table 1. Characteristics of subjects.

Healthy Stroke
Age [years] 2450 (2.60) 7450  (8.60)
Height [m] 1.74  (0.03) 1.70  (0.02)
Mass [kg]  60.83  (6.79) 66.00  (3.46)

This study was conducted in accordance with the
ethical principle s of the Helsinki Declaration after
obtaining written informed consent from each subject.
The study was approved by the ethics review committee
in Higashi Saitama General Hospital and the ethics revie
committee in Saitama Prefectural University.

2.2 Tasks

The subjects performed the sit -to-stand task from a
sitting posture on a chair. We tried to standardize the sta
posture for all subjects. The seat height was adjusted so
that the thigh was tilted 25° forward from the floor and
the shank was tilted 25° forward from the perpendicular
axis to the floor. The thorax and pelvis were  adjustec
attempting to keep in alignment with the perpendicular
axis to the floor, and these were set as the initial angles
the inertial sensor. After measurements, the  mea
(standard deviation) initial angles obtained fromthe three
dimensional motion analysis system in healthy subjects
were: thorax, 4.08 (5.90) °; pelvis, 4.33 (6.57) °; thigt
27.67 (2.73)°; and shank, 26.74 (3.16)°. Although we trie
to standardize the start posture of stroke patient:
standardization of their thorax posture  was difficuli
because of disabilities. The mean (standard deviation
initial angles measured by the inertia sensors in strok:
patients were: pelvis, 1.78 (2.59) ° and thorax , 10.0
(4.49)°. In stroke patients, t he initial angle of the pelvi
was close to the perpendicular axis to the f loor as in
healthy adults, but the initial angle of the thorax was tilte
forward compared to healthy adults. During the sit -tc
stand motion, the upper limbs were beside the body, anc
the paradigm was conducted to avoid contact with the
support surface. The subjects were asked to stand at a
comfortable speed after receiving a signal from the
experimenter. Each subject performed three trials. The
data of each trial were included in the analysis without
averaging.

23 Kinematic data acquisition

To acquire kinematic data, we used small nine-axis
inertial sensors, including a three-axis gyroscope, three-
axis accelerometer,  and three -axis magnetometer
(Oisaka Electronics Device Ltd., Hiroshima, Japan).The
product name was “Small9-axis wireless motion sensor”
and the model number was OE —WS0905. The
measurement range was 16 G for the acceleration sensol
1500°/s for the gyro sensor, and 8 G for the geomagnetit
sensor. The size was 40 mm x 30 mm x 20



mm, and the weight was 30 g.  These se nsors were
wireless-controlled. Each sensor was attached to six sites
of the subject's body: thorax, pelvis,both shanks, andboth
thighs (Fig. 1). Data were sampled at 100 Hz.

1: shank
2: thigh

3: pelvis
4: thorax

Fig. 1. Actual measurement scene.

Then, the rotation matrix in the absolute space
coordinate system of each sensor was obtained using
commercial software (Pose estimation application; LP -
WSAPO03, Oisaka Electronics Device Ltd., Hiroshima,
Japan). Conversion from each rotation matrix to segment
angle and creation of link segment models were
performed using custom programs of MATLAB
(MathWorks, Inc., Massachusetts, USA).

The movement of healthy adults was also studied using
a camera motion capture systemat 100 Hz (Vicon Motion
Systems, Inc ., Oxford, UK). The data were used to
calculate the error for the inertial sensor.

We extracted the measurement data during the sit -to-
stand motion. The starting point was identified when any
of the joint angular velocities started to change continudly.
The end point was identified when all the joint angular
velocities became equal to O rad/s. The seat  -off timing
was identified as the time when the thigh angular velocity
started to change continually. The definition of seat -off
timing was in accordance to a previous study [9].

We compared the thoracic and pelvic angles calculated
from the camera motion capture system with those
obtained from the inertial sensor in healthy adults. The
mean  (standard deviation) Pearson’s correlation
coefficient was 0.94 (0.12) on the sagittal plane,  0.34
(0.46) on the frontal plane, and 0.23 (0.36) on the
horizontal plane. Therefore, we used only sagittal plane
angles that were well matched in both instruments.

1.1 Mechanical energy calculation
The potential energy Ep of segment i at data point j was
calculated from Equation (1).

E, = migihij

@
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where m is the segment mass, g is the gravitation:
acceleration, and h is the height of the segment center ¢
mass.

The kinetic energy Ex of segment i at data point j we
calculated from Equation (2).

Ey ;= 1/2mui + 1/2Lw} )
where v is the translation velocity of the segment centel
of mass, | is the inertia moment of the segment, and i
the angular velocity of the segment.

In this study, we used body measureme nt values, i.e.
the mass, position of the center of mass ; and the inertic
moment of each segment as reported by Kodama et al
[10]. These authors modified the link parts defined in th
previous research conducted by A e etal. [11], anc
performed inverse dynamics calculations using an
accelerometer to guarantee increased accuracy.

1.2 Analysis

First, we calculated the general parameters of the sittc
stand motion, including the total duration, and thoracic
and pelvic angles at seat ~ -off. We calculated these
parameters because they are related to the total amount ¢
energy.

Then, w e calculated the following
kinematic data and mechanical energy.

parameters fror

(1) Ep-Ex_torax: Difference between the potential energ
and kinetic energy change fromthe onset of the motion 1
seat-off in the thorax.

(2) Ex_penis: Change in the kinetic energy from the onse
of the motion to seat-off in the pelvis.

(3)  CCFrnorax-penis: Cross — -correlation coefficient
between the thorax and pelvis angular velocities from th
onset of the motion to seat-off.

For these, we applied  the independentt -test for
statistical comparison between groups.

We quantified the amount by which the antagonist
inhibited the conversion of potential to kinetic energy i
the thorax, and the kinetic energy obtained by the pel vit
including its muscle activity. This suggests how the
energy transfer from the thorax to the pelvis differ
between stroke patients and healthy adults. Because this
energy transfer is maximized when the angular velocity
synchronous; i.e., when isometric contraction is executer
the temporal correlation between the thoracic and pelvic
angular velocities was also quantified.
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1. Results

1.1 Comparison of parameters
The results of general parameters are listed in Table 1.

.
—+—Lt.shank
=& Lt.thigh

potential energy [J/ kgl

(=IO -]

Table 1. Results for general parameter. _
Healthy Stroke 5 - ""Thwlago

Total duration time [%]
[sec]” 329 (0.83) 6.11 (0.15)

O worax [°1° 3851 (6.97) 87.86  (27.45)

O penis [ ] 2238 (0.04) 27.95  (6.40)

*p <0.001

The total duration for the sit-to-stand motion was
longer in stroke patients than in healthy adults. Despite
the fact that we subtract ed the initial angle of the thorax time [4]
at the start posture, the stroke patients showed larger
amount of thoracic angular displacement until seat-off. Fig. 1. Potential energy (representative data).

potential energy [J/kgl

The results of parameters of mechanical energy are
listed in Table 2. The data are expressed as mean (standard
deviation).

x3

o

Table 2. Results for mechanical energy.

Healthy Stroke

potential energy [J/kgl

Ep‘Ekithorax
ke ©% (0.11)  0.81 (0.21) 4 - -

Ex pevis [J/kg]” 0.05  (0.01)  0.002  (0.002) time [%]

CCFmorax-pelvis 0.95 (004) 0.30 (037)

R

*p <0.001

=]
[}
]
'

Fig. 1 shows a representative trial of the temporal
pattern of potential energy. The upper graph represents a
healthy adult, and the lower  graph represents a stroke
patient. Fig. 2 shows the group mean (standard deviation ~
is depicted as shaded area) f or potential energy of the um:n[a,] 100
thorax and pelvis. Because the focus of this study was . .
seat-off, we normalized and averaged the movement time Fig. 2. Potential energy (group mean)
for seat-off as 50 % time (the same hereinafter). Both
healthy adults and stroke patients had the lowest potential
energy at the time of seat -off. Note that the normalized
potential energy of the thorax was smaller in stroke
patients than in healthy adults, as opposed to the
normalized potential energy of the pelvis which was
larger in stroke pat ients than in healthy adults. This
occurred because the start posture of the thorax of stroke
patients was tilted forward compared to healthy adults. 0 50 100

=3

potential energy [J/kg]
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=
.

# —Rt.shank
1 == Rt.thigh
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kinetic energy [J/kgl

Fig. 3 shows a representative example ( the same 004 -
subject and trial as in Fig. 1) of the temporal pattern of = il
kinetic energy. The uppergraph represents a healthy adult, ey P
and the lower graph represents a stroke patient. Fig. 4 5002
shows the group mean (standard deviation is depicted as e
shaded area) for kinetic energy of the thorax and pelvis. §
The vertical axis for stroke patients (lower graph) is one - = -
tenth of that for healthy subjects (upper graph).. time [4]

Fig. 3. Kinetic energy (representative data)
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Fig. 2. Angular velocity (representative data)

o 2 —Pelvis
3 --Th
= orax
IR .
e 4
= .
E - o v
g0 Negt
2 N 2
=1 =
o
&
c-2 :
mo0 50 100
. time [%]
5 2
@
.a
B
B o
G 0 ’ Pt
S L
o
21
e
o
5
-2
5 0 5 100
time [%]

Fig. 3. Angular velocity (@roup mean)

Fig. 2 shows a representative example (same subject
and trial as in  Fig. 2 and Fig. 4 ) of the temporal pattern
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of angular velocity. The upper graph represents a health
adult, and the lower graph represents a stroke patient. Fi¢
3 shows the group mean (standard deviation isdepicted ¢
shaded area) for angular velocity of thorax and pelvis. F
healthy adults, the waveforms of the thorax and pelvis al
synchronized. In contrast, no such synchronization is
observed for stroke patients.

1. Discussion

First, we discuss the loss of energy transfer ~ from th
thorax to pelvis in stroke patients. The trunk flexion
during the sit -to-stand motion resembled a passive
inverted pendulum. However, even in healthy adults, the
potential energy and kinetic energy were not transforme
equally. That is, the change in height of the thorax due t
gravity was not completely converted to acceleration ¢
the thorax itself . This deceleration may be caused by
contraction of the antagonist—the lumbar muscle. On th
other hand, contraction of the lumbar muscles leads to
pelvic movement, resulting in increased kinetic energy i
the pelvis. This energy transfer is most efficient when th
angular velocities of the thorax and the pelvis are
synchronized (because the muscle length is kept constar
[12, 13]). In stroke patients, the thoracic potential energ
was not converted to kinetic energy in the same manne
as healthy adults.  The thorax was decelerated mor
compared to healthy adults. Furthermore, the mean pelvi
kinetic energy in stroke patients was approximately one
tenth of that in healthy adults. Part of the reason for thi
phenomenon is that deceleration of the thorax by th
lumbar muscles did not lead to acceleration of the pelvi
in stroke patients . The lack of synchronization between
the thoracic and pelvic angular velocities reduced the
energy transfer efficiency.

Second, we must mention the loss of the total amount of
energy. The start posture was different between healthy
adults and stroke patients. Because the thorax of stroke
patients was tilted forward in the star t posture, both the
potential energy and kinetic energy could decrease. Not
only kinematics of sit -to-stand motion but also start
posture were related tothe loss of total amount ofenergy,
and both of which might reflect movement disorders of
stroke. However, in addition to this fact, we must
mention that the reason for the reduced pelvic kinetic
energy cannot be explained only by the greater forward
tilting of the thorax in the start posture (i.e., decrease in
thoracic potential energy) in stroke patients.The thoracic
potential energy in stroke patients w as smaller, but the
difference between potential and kinetic energy was
larger than that in healthy adults. Of course, the loss of
energy transfer due to lack of synchronization between
the thoracic and pelvic angular velocities contributed to
this difference. In addit



tion, the total duration of the sit -to-stand motion was
longer in stroke patients. E ven if the amount of angular
displacement is large, the kinetic energy is small unless it
moves at a sufficient speed  (see also Fig. 7) . Because
stroke patients performed the sit-to-stand motion slowly,
kinetic energy was considered to be smaller than that in
healthy adults.

Third, we describe howthe loss of pelvic kinetic energy
makes it difficult to perform the sit  -to-stand motion.
Kinetic energy in the pelvis is important because it
supplies the energy for thigh-lift that occurs at seat-off. In
a previous study [9], energy transfer fromthe pelvis to the
thigh was verified by negative and positive work done by
the joint momenton  each segment. Healthy subject s
performed sit-to-stand motion under normal comfortable
condition and the condition with the trunk tilted forward
during the motion. As a result, the negative and positive
work performed by the hip joint moment  to the distal
pelvis and proximal thigh was reduced to a greater extent
under the condition with the trunk tilted forward during
the motion , despite greater increase in  the hip joint
moment. This means that a decrease in pelvic kinetic
energy leads to a decrease in kinetic energy in the thigh,
making seat-off difficult.

Last, we summarize the significance of measuring the
loss of energy transfer and the loss of total energy caused
by stroke. Although the pelvic kinetic energy at seat -off
was less than one-tenth of the weight, difference between
subjects with disability and normal subjects was
considered significant in a previous study  [14]. This
previous study used magnetic sensor for measurem ent,
which was different from our  study. The experimental
conditions were similar to our experiment except that the
trunk was in the upright position in both groups. ~ They
compared healthy adults and low back pain patients. The
mean amplitudes were 0.13 J/kg in the control group and
0.17 J/kg in the patient group. Patients with lowback pain
had increased lumbar muscle activity to suppress the pain
caused by hip movements [15]. The difference of 0.04
J/kg was associated with the supply of extra energy from
muscle activity. The difference between two groups was
0.048 J/kg in our study , which can be regarded as a
considerable difference, as was reported in the previous
study. On the other hand, no research has quantified the
loss of energy transfer and the loss of total energy during
the sit-to-stand motion in stroke patients. Previous study
revealed the loss of energy in stroke patients during
walking, which is representative habitual action [16]. The
investigators used a camera motion capture system  to
observe chronic stroke patients and revealed the loss of
energy from the joint moment work of the whole body
(difference between groups: 0.08 J/kg). Because such loss
of energy correlated with the walking speed, they
regarded the loss of energy as an important indicator that
sensitively reflects the rehabilitation process of walking
in stroke patients . However, stroke patients, especially
patients in the acute phase,  often have difficulty with
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walking due to movement disorder. Our study is importal
because it clarifies the loss of energy transfer and the los
of total energy during the sit-to-stand motion, which is
habitual action prior to walking . This study suggests the
the loss of energy transfer and the loss of total energy ar
useful as quantitative measures for movement disorders i
acute stroke patients who have difficulty with walking. |
addition, the previous study  that revealed the loss of
energy in stroke patients used a camera motion capture
system [16]. Our study used small inertial sensors that ar
not restricted by ~ measurement space . Therefore, th
results presented here can be the basic knowledge for
constructing a measurement system in small clinics.

However, this study has some limitations.  First, the
mean age of the co ntrol group in this study was younge
than that of stroke patients. Because physical functiot
tends to deteriorate with age, even healthy elderly peopl
may choose the movement strategy  to compensate fc
physical function. However, in previous studies, the
movement time and segmental angular velocity, which
were analyzed in this study , were not different betweer
young and elderly people  [3, 17]. For reference, the
average (standard deviation) movement time of youn(
people included in this study was 3.18 (0.40) s, which w
higher than the time [ 2.13 (0.36) s] of elderly peopl¢
reported in a previous study. The age difference found i
the previous study was the parameter after seat -off [3
and this difference was not directly related  to seat-of
Therefore, th e biomarkers associated with the control
group in this study may be reliable for comparison of
subjects with stroke patients. Furthermore, stroke patient
in this study were able to perform the sit-to-stand motio
independently. In the future, t o0 standardize the
rehabilitation evaluation, it is necessaryto examin
patients with severe hemiparesis who fail to perform sii
to-stand motion.

1. Conclusion
By measuring the sit-to-stand motion in acute strok
patients using a small inertial sensor, we revealed the los
of mechanical energy efficiency in stroke patients. Thi
result demonstrated the usefulness of the small inertia
sensor that can easily measure the movement of patient
in a small clinic.
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Validity of inertial measurement units in assessing segment angles and mechanical energies
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Hiroki Hanawa'>*', Keisuke Hirata!, Taku Miyazawa*, Moeka Sonoo', Keisuke Kubota',
Tsutomu Fujino'®, Takanori Kokubun’, and Naohiko Kanemura’

! Graduate Course of Health and Social Services, Graduate School of Saitama Prefectural University, Saitama, Japan
(Tel: +81-48-971-0500; E-mail: 1991005n@spu.ac.jp)
? Research Fellowship for Young Scientists, Japan Society for the Promotion of Science, Tokyo, Japan
3 Department of Rehabilitation, Higashi Saitama General Hospital, Saitama, Japan
# Hasuda Central Clinic, Saitama, Japan
’ CBS-Toyota Collaboration Center, RIKEN Brain Research Institute, Aichi, Japan
f Department of Rehabilitation, Faculty of Health Science, University of Human Arts and Sciences, Saitama, Japan
7 Department of Health and Social Services, Saitama Prefectural University, Saitama, Japan

Abstract: The aim of this study was to compare segment angles and mechanical energies obtained via inertial
measurement unit (IMU) sensors attached to body segments and an optoelectronic motion capture (OMC) system
during sit-to-stand motion, relevant for the assessment of movement disorder in elderly persons. seven elderly
subjects were included in this study. Each subject performed sit-to-stand motions under the following two
conditions: (1) rising with natural speed and posture (NORMAL) and (2) rising with trunk inclined forward
(TILT). We calculated not only the segment angle but also the mechanical energy of each segment. Temporal
profiles of the angles and mechanical energies of each segment were compared between the OMC data and the
IMU data based on the Pearson’s correlation coefficient () and root mean squared error (RMSE). The estimation
error of the peak values of the data was also investigated with Bland—Altman bias and 95% limits of agreement.
It was found that the value of » was >0.90 and the RMSE was <5° for all segments except thorax under the
NORMAL condition. The Bland-Altman analysis produced an estimation error in 95% of measurements within
two standard deviations. This study demonstrates that IMU based motion analysis for elderly could provide
accurate kinematic and kinetic assessment of body segments compared to OMC system. However, the validity of
the measurement of the thoracic angle by the IMU sensor was lower than other segments while temporal pattern
of the thoracic angle during the motion was similarly detected by IMU and OMC system. Therefore, caution
should be needed when interpreting research data of angular measurements of elderly and diseased persons
obtained using IMU sensors especially thorax.

Keywords: Sensors and Transducers; Medical and Welfare Systems; Standard of Measurement

LRSI fusion algorithm based on magnetic north and gravity,

traditionally represented by Euler angles. Attachment
of IMU sensors onto a body segment allows the
orientation of that segment to be determined, which
further allows kinematic evaluation of motion in
realistic environments [4]. Therefore, the development
of IMU sensors has been extensive. However, few
previous studies have measured the motion of elderly
persons or patients using IMU sensors.

Movement disorder caused by aging or by disease can
lead to the need for nursing care. Therefore, quantitative
classification of such disorder is highly important.
Therapists often use observational evaluation for the
diagnosis of movement disorder related to aging or
disease [l]. However, it is difficult to quantify
movement disorder simply by observing motion.
Furthermore, by only observing the motion, the disorder
of the kinetic parameter causing the resultant motion

In daily motion, the sit-to-stand motion is important
cannot be revealed.

as a habitual motion prior to walking. One reason why
people with disabilities cannot stand up by themselves
is the existence of the instantanecous large joint
moment [5]. Previous studies have revealed that pelvic

Researchers often evaluate the motion of healthy
adults using an optoelectronic motion capture (OMC)
system [2], [3]. Such devices are often expensive, and

they can require a large measuring space. A small
inertial measurement unit (IMU) sensor is a
motion-measuring device that is not limited by the
measurement space. With IMU sensors, it is possible
to estimate the three-dimensional posture of a subject
relative to a global coordinate system via a sensor

T Hiroki Hanawa is the presenter of this paper.

movement supplies the mechanical energy to assist
this joint moment [6]. In our previous study, we
proposed that a lack of such mechanical energy
reflects movement disorders caused by aging and/or
disease [7]. However, the validity of using IMU
sensors for kinematic and kinetic measurements of
elderly persons during sit-to-stand motion has not yet
been fully determined.
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The aim of this study was to compare segment
angles and mechanical energies obtained via IMU
sensors attached to body segments and an OMC system
during sit-to-stand motion, which is relevant for the
assessment of movement disorder in elderly persons.

2. METHODS

2.1 Subjects

Seven elderly males were included in this study.
The mean and standard deviation (SD) of age, weight,
and height was 69 (2) years, 64.5 (8.8) kg, and 1.65
(0.04) m, respectively. The subjects were recruited
from the local community. Individuals with a history of
myocardial infarction, stroke, fracture, or symptomatic
arthritis of the lower extremities were excluded from
this study. We explained the purpose and the procedure
of the experiments in detail and we obtained written
consent from all subjects.

2.2 Tasks

Each subject performed the sit-to-stand motion
under the following two conditions: (1) rising with
natural speed and posture (NORMAL) and (2) rising
with trunk inclined forward (TILT). We prepared two
experimental conditions because elderly and diseased
persons often stand up following rotating of their trunk
further forward. Each subject was allowed a few
practices attempts before three trials were recorded for
each condition. The data of each trial were included in
the analysis without averaging. We standardized the
start postures of all subjects. The seat height was
adjusted such that the thigh was tilted 25° forward from
the floor and the shank was tilted 25° forward from the
axis perpendicular to the floor. The thorax and the
pelvis were kept in alignment with the axis
perpendicular to the floor. Standing posture after the
motion was set as the neutral position (0° ) of the
OMC system and the IMU sensors. During the
sit-to-stand motion, the upper limbs were held beside
the body, and the paradigm was conducted to avoid
contact with the support surface.

2.3 Segment angles

The OMC system (Vicon Motion Systems, Oxford,
UK) adopted for the study measures the
three-dimensional locations of thirty-nine passive
retroreflective markers [8]. The markers were placed
over bony landmarks (bilaterally on the 2nd MTP
head, heel, ankle, shank, knee, thigh, anterior superior
iliac crest, posterior superior iliac crest, shoulder,
upper arm, elbow, lower arm, radial and ulna wrist,
2nd finger, forehead, and posterior head, and single
markers were placed on the jugular notch, inferior
sternum, C7, T10, and the right scapula). A human
model was constructed to calculate the segment angles.
The model used in the study was the Plug-In-Gait
model implemented in the OMC system [9]. This
model comprises fifteen rigid body segments: feet,
tibias, femurs, hands, forearms, arms, pelvis, chest,
and head. We calculated seven joint angles based on

the x—y—z Euler principle where the joint angle was
determined by the position of the moving distal
segment relative to the proximal fixed segment: ankles,
knees, hips, and waist. For all joints, we modeled the
proximal end of the distal segment as the link part.
Then, we calculated each segment angle with respect
to each axis in the global coordinate system. Data
were sampled at a rate of 100 Hz.

We also used small nine-axis IMU sensors in
accordance with our previous study [7]. Each small
nine-axis wireless motion sensor (model No.
OE-WS0905; Oisaka Electronics Device Ltd.,
Hiroshima, Japan), includes a three-axis gyroscope,
three-axis accelerometer, and three-axis magnetometer.
The measurement range is 16 G (16 x 9.80665 m/s*)
for the acceleration sensor, 1500°/s for the gyro sensor,
and 8 G (8 x 9.80665 m/s?) for the geomagnetic sensor.
The size of each sensor is 40 x 30 x 20 mm, and the
weight is 30 g. These sensors are controlled wirelessly.
Sensors were attached to six parts of the body of each
subject: thorax, pelvis, shanks, and thighs (Fig. 1).
Then, the rotation matrix in the global coordinate
system of each sensor was obtained using commercial
software (Pose estimation application; LP-WSAP03,
QOisaka Electronics Device Ltd., Hiroshima, Japan).
This posture estimation algorithm is described in
detail in a previous study [10]. The algorithm uses a
quaternion representation, allowing accelerometer and
magnetometer data to be used in an analytically
derived and optimized gradient descent algorithm to
compute the direction of the gyroscope measurement
error as a quaternion derivative. Subsequently, the
quaternion was transformed into a rotation matrix.
Conversions from each rotation matrix to each
segment angle and the creation of link segment
models were performed using custom programs of
MATLAB (MathWorks, Inc., Massachusetts, USA).
Data were sampled at 100 Hz.

Fig. 1 Actual measurement scene
Each IMU sensor was attached to a
portion drawn by a red rectangle.
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Note that the range of motion (ROM) in the sagittal
plane was compared as these have been found the most
relevant for functional assessment using the OMC
system of sit-to-stand motion with previously reported
discriminative capacity between elderly or patients and
healthy controls, in contrast to ROM in the frontal and
transverse plane [11], [12].

2.4 Mechanical energies

We calculated not only the segment angle but also the
mechanical energy of each segment. The total
mechanical energy of the segment (£,) can be divided
to the gravitational potential energy (Ep) and the kinetic
energy (Ex) of each segment calculated at each instant
relative to the surroundings:

Ey=Ep+Eg (1)
Ep = mgghs (2)
Ey = ;g 4+ L5 3)

where mg is the segment mass; g is the acceleration
due to gravity; hs and Us are the height and lincar
velocity of the center of mass (CoM) of the segment
relative to surroundings, respectively; and Ig and @g
are the radius of gyration and angular velocity of the
segment around the CoM, respectively. Segment CoM
positions and moment of inertia used for this approach
were in accordance with previous studies [7], [13].

As described above, mechanical energy is a scalar
quantity which calculated from the inner product
between vectors in three-dimensional space. However,
the angle calculation in the frontal and transverse plane
is inadequate in both the OMC system and the IMU
sensor [11], [12]. Therefore, in this study, mechanical
energy was calculated by considering the joint as a
pin-joint that allowed movement only in the sagittal
plane.

‘We extracted the data during the sit-to-stand motion.
We first identified the motion from the data calculated
from the OMC system. The start point was identified
when any of the joint angular velocities started to
change continually. The end point was identified when
all the joint angular velocities became equal to 0 rad/s.
The seat-off timing was identified as the time of loss of
contact with the stool [7], [8]. Subsequently, data from
the IMU sensors were aligned using the peak detection
algorithm in MATLAB.

2.5 Statistics

Temporal profiles of the angles and mechanical
energies of each segment were compared between the
OMC data and the IMU data using the Pearson’s
correlation coefficient (r) and root mean squared error
(RMSE). The estimation error of the peak values of the
kinematic data was also investigated with Bland—Altman
bias and 95% limits of agreement.

3. RESULTS

3.1 Segment angles

Under the NORMAL condition, the mean sagittal
plane ROM measurements by the OMC and IMU
systems demonstrated an RMSE of 4.71° (Table 1)
and an » value of 0.94 (Table 2). Bland—Altman plots
demonstrated that these differences are within two
times standard deviations (Fig. 2). However, the
difference of the thoracic angle from two devices
increased in proportion to the magnitude of the peak
value (Fig. 2). About this thoracic angle under the
TILT condition, the mean sagittal plane ROM
measurements by the OMC and IMU systems
demonstrated an RMSE of 20.53° (Table 1) and an
value of 0.92 (Table 2). Bland-Altman plots
demonstrated that the proportional error under the
NORMAL condition ceased to be a fixed error under
the TILT condition (Fig. 2). A random subject’s
sample waveform of the sagittal plane segment angles
is shown in Fig. 3.

Table 1. RMSE of segment angles (° )

NORMAL TILT
Shank  Thigh  Pelvis Thorax Thorax
Mean 2.13 373 2,00 1100 20.53
SD 1.83 2.11 1.53 391 5.79

Table 2. r of segment angles

NORMAL TILT
Shank ~ Thigh  Pelvis  Thorax Thorax
Mean 0.95 0.98 0.94 092 0.92
SD 0.03 0.01 0.02 0.05 0.05
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Fig. 2 Bland-Altman plots of segmental angles
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3.2 Mechanical energies

Under the NORMAL condition, the mean
mechanical energies calculated by the OMC and IMU
systems demonstrated an RMSE of 0.002 J/weight
(Table 3) and an » value of 0.88 (Table 4). Under the
TILT condition, the mean mechanical energies
calculated for the thorax by the OMC and IMU
systems demonstrated an RMSE of 0.019 J/weight
(Table 3) and an r value of 0.85 (Table 4).

Table 3. RMSE of mechanical energies (J/weight)

NORMAL TILT

Shank  Thigh  Pelvis  Thorax Thorax

Mean  0.00005 0.00046 0.00127 0.00962 0.01919
SD 0.00006 0.00045 0.00125 0.00605  0.01663

Table 4. r of mechanical energies

NORMAL TILT

Shank  Thigh  Pelvis Thorax Thorax
Mean 0.90 0.89 0.90 0.86 0.86
SD 0.06 0.07 0.07 0.07 0.18

4. DISCUSSION

This study demonstrated that IMU based motion
analysis for elderly could provide accurate kinematic
and kinetic assessment of body segments compared to
OMC system during sit-to-stand motion except thorax.
Both the r and the RMSE wvalues indicated
instantaneous segment angles could be estimated
using the IMU sensors. The » values were >0.90 and
the RMSE values were <5° for all segments expect
thorax under the NORMAL condition. About
mechanical energy, Measurement accuracy is lower
than kinematics, but » falls within range 0.86 - 090.
These results were the same as derived when
comparing the kinematic parameters calculated using
an OMC system and IMU sensors for various
behaviors of healthy adults [4], [11]. Our novel
finding is that such measurement validity of IMU
sensors can be maintained even for elderly persons.

Under the NORMAL condition, the difference of
the thoracic angle from two devices increased in
proportion to the magnitude of the peak value. Such
proportional error ceased to be fixed error under the
TILT condition. Note that r was 0.92 for both
NORMAL and TILT conditions, which satisfies r >
0.90. That is, the temporal pattern of the thoracic angle
during the motion was similarly detected by IMU and
OMC system. We thought this might be caused by an
attachment position of the IMU sensor. The thorax is a
collection of joints with many connected vertebrae. In
the OMC system, this orientation is calculated with
reference to the center point of the thorax [9]. The
calculation procedure is as follows. The orientation of
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the thorax is defined first as the direction from the
midpoint of the inferior sternum and T10 to the
midpoint of the jugular notch and C7; the z-axis. A
secondary direction pointing forward is the midpoint
of C7 and T10 to the midpoint of the jugular notch and
inferior sternum; the y-axis. The x-axis is the cross
product between unit vectors of the other two axes.
The thorax origin is then calculated from the jugular
notch marker with an offset of a marker diameter
backward along the x-axis. In contrast, IMU sensors
cannot support such a complicated procedure. We
attached the IMU sensor to the most protruding part of
the thorax. As this process led to the neglect of
“bending” of the vertebrae presented above and below
the sensor, the segment angles might have been
underestimated in comparison with the OMC system.
Therefore, an IMU sensor should be positioned
carefully on the part of the thorax that turns most (of a
pre-palpated individual), and caution should be
observed when interpreting research data of angular
measurements of elderly and diseased persons
obtained using IMU sensors.

To conclude, the described protocol using IMU
sensors is easy to implement in a clinical routine and it
could help quantify movement disorders in elderly
persons during sit-to-stand motion.
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